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state!! Anyhow, cheers folks, much appreciated. 
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Abstract 
Physico-Chemical Mechanisms of Fault Sealing: An Experimental Study. 
The permeability of shallow crustal fault zones depends on their internal structure, 
ambient stress and the interaction of fault gouge with fluids. These properties may be 
altered (and faults can potentially seal or open) due to the action of a number of 
processes that may be coupled in nature. This thesis presents the background, 
methodology and results of a study towards an understanding of the role of fault zone 
structure and ambient environmental conditions on fault sealing. Synthetic fault gouges 
produced by grain crushing were tested in a suite of controlled experiments designed to 
elucidate the effects of a range of environmental and physical parameters on gouge 
reactivity at temperatures (T) between 25 and 120°C and confining pressures (Pc) up to 
34.5MPa. The experiments began with a series of standard 'batch' tests in water at 
ambient pressure, designed to calibrate the purely chemical reactions of the synthetic 
fault gouge. The gouge was then tested in two series of pressure tests using a new 
experimental rig designed and built specifically for this study. Loading conditions were 
both hydrostatic ( 1 = 2= 3 Pp) for the first series, and non-hydrostatic ( 1>(2=3=0) 
for the second series. The hydrostatic tests were carried out at zero effective stress 
(Pc pore fluid pressure (Pp)=0.1MPa), while the non-hydrostatic tests ran at finite 
effective stresses (P c=20.7 to 34.5MPa, Pp=6.9MPa). Each experiment used either the 
bulk fault gouge direct from the crusher, or sieved size-fractions. Contaminant ultra-
fine particles were removed to allow more accurate measurement of gouge surface area 
and therefore reaction rates. Dissolution and precipitation rates were determined for 
each experiment by analysing dissolved silica concentrations of the pore fluids, using 
High Performance Liquid Chromatography, and applying it to a thermodynamic model 
developed for this thesis. The non-hydrostatic tests also employed new apparatus that 
allowed the measurement of permeability and compaction evolution throughout each 
experiment. 
The results showed that reaction rates have a strong dependence on pressure; 
temperature and particle size distribution, and also influence the permeability. 
Temperature appears to have the greatest relative effect on reaction rate, with an 
increase from 25 to 90 °C showing up to 2 orders of magnitude increase in rate (from 
10 - 11 to 101 I molcm 2s') in some of the batch tests. A comparison of the reaction rates 
of the batch tests and the non-hydrostatic tests of this study (using the same sample 
surface areas, at 90 °C) also produces considerable rate differences (e.g. bulk gouge 
batch test rates are of the order 1012  molcm 2s 1 , compared to 1010  molcm 2s for the 
non-hydrostatic tests). This suggests that pressure exerts a significant influence on the 
reactivity of gouge. A further comparison of rates from the non-hydrostatic tests with 
those from the hydrostatic tests of this thesis shows less than an order of magnitude 
variation due to the application of differential stress to the samples; supporting the idea 
that the overall application of pressure, rather than differential stress has the greatest 
pressure related influence on rate. Particle size distribution was also found to have an 
effect on rate, with finer size distributions (and thus higher surface areas) yielding 
faster reaction rates. For example, the dissolution rates of some of the bulk gouge 
samples (which contain ultra-fine particles) were of the order of 7xl0 0 molcm 2s; 
while a 300-425.tm sample had a dissolution rate of 5x10 10 molcm 2s1 , under the same 
pressures (20.7MPa Pc; 6.9MPa Pp) and temperatures (120 °C). Both of these rates are 
much higher in an absolute sense than those obtained in experiments on single crystals, 
indicating the much higher reactivity of fault gouge. In turn this is due to a 
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combination of the effects of pressure and sample particle size distribution. The higher 
pressures (up to 34.5MPa) used in this study, compared to the 0.IMPa pressures of the 
single crystal experiments, are responsible for up to a 2.5 order of magnitude variation 
in rates between the studies (illustrated by the differences between batch and pressure 
test rates presented here). In addition, the smaller average particle size of the gouges 
used in this study, and the fact that its surface after crushing is fresh and rough, both 
leading to much higher specific surface energies (accounting for a further 0.5 order of 
magnitude rate difference). This high absolute reactivity compared to single crystal 
behaviour is consistent with (a) highly-localised fault-related diagenesis in the field, 
and (b) the fact that the loose powder poured into the non-hydrostatic test emerged 
from the pressure vessel as an indurated, if friable, fault rock after the test. The 
cementation inferred from the induration, and the monitored evolution of silica 
concentration in the pore fluid, can be modelled with known processes such as Ostwald 
ripening and pressure solution. In fact the application of pressure was found to have the 
least effect on gouge reaction rates and sealing capacity, with dissolution rates varying 
by less than an order of magnitude after increasing the sample axial load by up to 
27.6MPa. Therefore, of the two potential diagenetic mechanisms, Ostwald ripening is 
the most likely explanation for the chemical evolution of the pore fluid. Overall, fault 
gouge reaction rates were found to be relatively rapid under shallow crustal (2-3km 
burial depth) pressures and temperatures (rates were of the order of 10.10  molcm2s'), 
with gouges showing evidence of consolidation and permeability sealing over a 
timescale of days to weeks. This would not have been predicted by linear extrapolation 
from single crystal solution studies previously applied to regional diagenesis of 
unfaulted sediments. The results have significant implications for our primary 
understanding of fault cementation and permeability sealing rates during fault-related 
diagenesis, and hence for predicting time-dependent hydraulic properties important in 
the hydrocarbon and hydrology industries. 
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CHAPTER 1: An Introduction to Fault Sealing. 
1.1 General Introduction and an Overview of Fault Sealing. 
A fault is generally defined as a fracture in a rock along which there has been observable 
displacement. Faults are rarely single planar units; normally they occur as parallel to sub-
parallel sets of planes along which movement has taken place. Such sets are called fault or 
fracture-zones (Whitten and Brooks, 1986). 
The mechanical and hydraulic properties of these faults are important in a number of 
applications that depend on the state of sealing of a fault zone. These include the studies of 
ground water flow and waste disposal; hydrocarbon production; and earthquake mechanics. 
Faults may act as either conduits or barriers to fluid flow in relation to these processes (Lloyd 
and Knipe, 1992; Knipe, 1993). The way that they act is primarily controlled by the 
mechanics and chemistry of the fault zone, and the structure and composition of the 
associated lithologies. 
Physical and chemical processes act as the primary driving forces for the development of 
fault zones as either barriers (seals)  or conduits to fluid flow. The dominance of each of 
these processes depends on the ratio of strain to reactivity in the system. Where strain 
dominates, physical processes prevail and where reactivity dominates, chemical processes 
prevail. These processes also have a degree of time dependence, with rapid deformation 
(hours to days) resulting in physical (generally brittle) processes acting on the rock, and 
slower deformation (days to months, or years) yielding ductile, often chemical deformation 
within the rock. For example, in a sedimentary rock (such as sandstone) a barrier to fluid 
flow may develop in a high strain regime via compaction of the rock. This would result in 
grain crushing, reducing average grain sizes, and inter-connecting pore space. Alternatively, 
note that all words outlined in bold are important terms related to this work. As such they are defined in a 
glossary at the end of this thesis. 
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in a reactivity-dominated regime, a barrier may develop in a rock via the precipitation of 
material into the pore spaces, (assuming a low stress system and supersaturation of the 
precipitating material in the pore fluid). If a high stress system exists with high reactivity, 
dissolution is most likely to dominate, although precipitation may also occur. The dominance 
of dissolution will cause an increase in porosity, generating a conduit to fluid flow. In 
comparison, compaction of a crystalline rock in a high strain environment will tend to lead to 
the dilation of fractures, again generating a conduit to fluid flow. 
A relatively impermeable fault is called a seal if permeability is low enough to restrict 
fluid flow and allow elevated pore pressures (above hydrostatic). It does not mean that 
there is no flow. Whether a fault is a seal depends on the relative rates of fluid pressure 
production and release. Pressure seals may "blow", producing fault "valving" (Sibson, 1986) 
so seals can intermittently conduct, before re-sealing. This is often associated with mineral 
deposition under high temperature "metamorphic" conditions and fault healing under 
shallower crustal lower temperature "diagenetic" conditions. 
Knipe (1992) divided sealing into three primary generic mechanisms, broadly based on the 
influence of the strain - reactivity ratio on the system. These classifications were; purely 
physical, purely chemical and physico-chemical. The most accurate models incorporate some 
combination of these. I now discuss these in more detail. 
1.2 Physical Mechanisms of Fault Sealing. 
The simplest physical model for fault sealing is juxtaposition (e.g., Knipe, 1993 and 
1996; and Ngwenya et al., 2000), where a displaced impermeable layer is placed against a 
permeable bed across a fault (Figure 1.1 a.). Here, a geometrical barrier produces an effective 
blockage of passage (or seal) for any fluid trying to cross through the permeable layer. This 
simple mechanism also assumes that there is no fluid flow along the fault. 
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A second purely physical mechanism suggested by, for example, Knipe (1993) is clay 
smearing. This process occurs where either a clay, or a clay-rich bed, becomes smeared along 
the fault zone during fault displacement, (Figure 1.1 b), producing an impermeable clay layer 
or smear along the fault zone that restricts or even prevents the flow of fluid across the fault. 
Franssen et al., (1996) suggest that clay smears may also result from the active injection of 
weak clays from the bedrock into the fault plane, preferentially occurring along fault planes 
under low normal stress. This is consequently most effective along slow-moving extensional 
faults near the Earth's surface. 
Ngwenya et al. (1995) describe a third physical mechanism, this time occurring on the 
pore-scale. Their observations show that, on flowing water through cores of sandstone, fine 
particles ("fines") present within pore spaces before fluid flow are transported mechanically 
to positions where they become entrained in pore throats, creating a blockage that leads to 
localised sealing (Figure 1.1 c). 
1.3 Chemical Mechanisms of Fault Sealing. 
The primary chemical mechanism that produces permeability change across a fault zone 
involves the dissolution and precipitation of the fault gouge and/or the associated rock 
matrix (Elphick et al., 1992; Ngwenya et al., 2000). The small grain sizes found in fault 
gouge mean that faults become zones of high reactivity, owing to the high surface energies of 
small particles relative to large ones (Dove and Rimstidt, 1994). The most common 
mechanism by which fault gouge might lead to chemical sealing is via Ostwald Ripening. 
The principles behind this process are that small particles have a higher solubility than larger 
ones because of their greater surface area per unit mass (Steefel and Van Cappellen, 1990; 
Muhuri et al., 1996). The driving force of this process (the Ostwald step rule) involves the 
gradual redistribution of mass from smaller particles to larger particles. The Ostwald step 
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rule states that more soluble and less stable phases (for example, fine particles) gradually get 
replaced by a series of more stable phases (larger particles for instance). The dissolution of 
small particles might lead to more pore space and hence increased permeability, but more 
often the associated growth of larger grains at the expense of the dissolving small grains 
leads to cementation and fault sealing (Ngwenya et al., 2000). 
Fault sealing due to chemical mechanisms can be quantified using reaction rate theory in 
the same way as applied to mineral weathering reactions (e.g. Holdren and Speyer, 1984; 
1987; Lasaga 1981; and 1984; Dove and Crerar, 1990; and Dove, 1994 and 1995). In this 
thesis I will examine the dissolution rates of synthetic fault gouges containing a range of 
minerals and particle sizes, using both standard batch tests and newly developed pressure 
tests, in comparison with this early work. In the general case, chemical reaction rates are 
strongly affected by grain morphology and stress, and in turn may change these as reactions 
progress. 
1.4 Physico-Chemical Mechanisms of Fault Sealing. 
Sayeh et al. (1990) suggested that the main processes encapsulated in this group are ion 
exchange; clay swelling, which occurs as feldspars and clays undergo secondary hydration 
causing swollen clay to inject into pore spaces and along the fault zone/fracture plane; 
flocculation and dc-flocculation (involving the electrostatic attraction and detraction 
respectively between clay particles, the attraction causing a build-up of clay, allowing 
blockage of pore spaces). Udel and Lofy (1989) suggest that stress-induced dissolution, also 
known as pressure solution or diffusive mass transfer (DMT), is of primary importance 
(Figure 1.2). DMT is also described by Rutter (1976); Knipe (1993) and Lloyd and Knipe 
(1992). It occurs when the deforming stress is reduced or removed from the rock, causing the 
material originally dissolved from the gouge at grain contacts to re-precipitate, leading to at 
ri 
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least partial gouge consolidation or sealing. This can also occur in the host rock (e.g. Rutter 
1978) but is likely to occur at much faster rates in newly-weathered fault gouge due to the 
higher available reactive surface area of the gouge. 
In principle, pressure solution and Ostwald ripening are likely to be intrinsically linked 
(Sleep and Blanpied, 1994), with Ostwald Ripening providing a background dissolution 
process (as ultra-fine particles dissolve from grain surfaces), and pressure solution 
providing enhanced dissolution at points of increased stress via grain contact dissolution. 
Both processes appear to work together to increase dissolved silica concentrations towards 
supersaturation. In a supersaturated state, the system is chemically unstable and requires 
only a small pressure (and thus free energy) drop to lead to precipitation onto the surfaces of 
larger grains, an effect common to both Ostwald ripening and pressure solution. Both of 
these processes and their kinetics are discussed in greater detail in Chapters 3 to 6, inclusive, 
with reference to my experimental methods and results concerning the dissolution of fault 
gouge particles under pressure. 
1.5 Aims of this Thesis, Towards an Understanding of Fault Sealing. 
The work presented in this thesis represents a number of experimental studies looking at 
the reactivity of artificial fault gouge with distilled water, under a variety of pressure and 
temperature regimes. Chapter 2, in part, describes previous experimental work that was used 
as a basis to design the experiments carried out. Chapters 3, 4 and 5 describe the design of 
the equipment used to run the different types of experiment, and the experimental 
methodology adopted. Each experimental configuration was adopted in a way which 
preserved a control so that a direct comparison could be made from run to run, and with the 
published literature using different experimental protocols. The main objectives of the thesis 
were to study the following: 
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. How the reactivity (rates of dissolution and precipitation) of quartz rich gouge changes for 
different pressure and temperature regimes, from room pressure and temperature to shallow 
crustal conditions (90-120 °C, 21MPa confining pressure); 
. The influence of Ostwald ripening on reaction rates for particles of different sizes and the 
importance of this process in relation to dissolution and precipitation reactions; 
How permeability changes with each of these conditions; 
o Whether sealing can be initiated by purely local processes in fault zones, without requiring 
the external influx of fluids or other reactants. This builds on previous work that involved 
the study of the reactivity of undeformed sandstone cores with distilled water and brine 
pore fluids; (Steefal and Van Cappellen, 1990; Elphick etal., 1992; Main et al., 1994 and 
Ngwenya et al., 1995). 
IN 
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a 
b 
Figure 1.1: Different mechanisms of fault sealing by physical processes. (a) Juxtaposition of 
an impermeable bed (A) against a permeable bed (B). The role of the impermeable bed is to 
prevent fluid flow (represented by the arrow) across the fault zone. The impermeable bed 
(C) prevents downward connection to the permeable bed in the hanging wall. (b) Smearing of 
a clay rich layer (B) along the fault zone. The permeable layer (C) is sealed against the fault. 
(c) Pore throats of larger grains (A) become blocked by finer grains and clays (B), restricting 
fluid flow in the system. 
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Figure 1.2: Schematic illustration of diffusive mass transfer (pressure solution) 0 1 is the 
maximum compressive stress, and a is the minimum compressive stress. C is the zone of 
re-precipitation (the ring or halo). Notice the flat contact between grains, where dissolution 
has occurred. 
N. 
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Chapter 2: Literature Review. 
2.1 Introduction. 
The properties of fault zones have been studied in detail using optical, experimental and 
numerical methods, in recent times. The majority of this work, particularly the experimental 
studies, concerned the physical properties and processes that influence fault zones. More 
recently, the chemistry of the associated systems (primarily in quartz-rich silica-cemented 
fault zones) has been studied quantitatively using new high-resolution techniques to 
determine the chemical reactivity of either loose powders or intact parent rock. Chapter 2 
describes previous studies concerning the physical and chemical (as well as physico-
chemical) properties of silicate-rich powders, rocks and fault zones. This chapter will provide 
a framework for the design and interpretation of the experimental studies described in 
Chapters 3, 4 and 5 of this thesis, by summarising the literature most relevant to this study. 
The evolution of experimental studies and gouge characterisation over time is described. The 
experiments evolved from purely physical to chemical, and ultimately physico-chemical, as 
chemical analysis and rock deformation techniques developed. This progression is now 
summarised below. 
2.2 Physical Properties of a Gouge Rich Fault Zone. 
2.2.1 Field Properties and Observations of Fault Zones in High Porosity Silicate Rich 
Rocks 
A fault is a fracture or surface along which there has been perceptible lateral 
displacement. Faults vary from millimetres to kilometres in scale, both in terms of length and 
displacement. One of the simplest fault structures found in nature is the deformation band, 
defined by Aydin (1978), and termed a cataclastic slip band by Fowles and Burley, 1994. 
Deformation bands are small faults that occur in porous sandstones, and exhibit 
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displacements of a few millimetres. They tend to be approximately 1mm wide and tens to 
hundreds of metres long, with displacements distributed along their length. The bands also 
contain no surfaces of discontinuity. An example of a deformation band is illustrated in 
Figure 2.1a. The average grain size and degree of sorting within a deformation band is 
markedly reduced compared to the host rock. Deformation is highly localised within the band 
(Figure 2.1b). Permanent deformation within a band is caused by the cataclastic fracturing 
and displacement of grains, combined with the distortion of the matrix and (generally) a 
reduction of pore volume (Aydin 1978; Aydin and Johnson, 1978, 1983; Antonellini and 
Aydin, 1994). 
Deformation bands often occur in groups, as illustrated in Figure 2.1c. Where two or more 
deformation bands occur side by side, they form a zone of deformation bands (termed 
cataclastic slip zones by Fowles and Burley, 1994). Bands within a common zone show 
similar dips and strikes, and tend not to cross each other. Zones become thicker by the 
addition of new deformation bands, with the thickness of a zone and the total offset across 
the zone depending on the number and spacing of the individual deformation bands within it. 
Figure 2.1c illustrates that these zones tend to be tens of centimetres across and represent 
zones of localised deformation which form early in the cycle of faulting in porous sandstones 
(Aydin and Johnson, 1978, 1983). 
Some deformation zones contain large-offset, through-going discrete surfaces of 
discontinuity, termed slip surfaces (Aydin and Johnson, 1978, 1983). Slip surfaces can be 
recognised by well-developed striations and grooves along the fault plane. These grooves 
indicate the occurrence and direction of sliding between two blocks (Figure 2.1d). The 
displacement across these slip surfaces is much larger than observed across individual bands 
and deformation band zones, but is more localised (Aydin and Johnson, 1983). 
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It has been suggested by Aydin and Johnson (1983) and Fowles and Burley (1994) that the 
deformation features described above represent a sequential structural evolution (Figure 
2.1 e). Although slip surfaces are always associated with zones of deformation bands, many 
zones do not contain slip surfaces. Similarly, zones are made up of deformation bands, but 
bands also occur individually (Aydin and Johnson, 1983). 
One of the most important features of deformation bands is that they exhibit a reduction in 
particle size and degree of sorting relative to the parent rock, while maintaining the same 
mineralogical composition as its host rock (porous sandstone in this case). The importance of 
permeability and porosity reduction along deformation bands is related to the production of 
physical fault seals due to the loss of porosity allowed by the closer packing possible in a 
poorly-sorted deformation band. Here, the connectivity across the parent rock and movement 
of fluids along the bands becomes restricted by the new low-porosity structures. For example, 
the presence of deformation bands and zones of bands within oil reservoirs is thought to be 
of fundamental importance in petroleum production. These structures are likely to affect the 
quality of otherwise excellent reservoirs through compartmentalisation of the reservoir zones 
and sealing of the faults to flow in the perpendicular direction. In contrast, flow along strike 
may be easier within elongated compartments (Antonellini and Aydin, 1994; and Fowles and 
Burley, 1994). 
The reduction in particle size, sorting, porosity, and permeability in a deformation band is 
primarily due to cataclastic deformation of the parent rock, which produces fault gouge. This 
process is driven by the granulation of individual grains by fracturing and rigid body rotation 
of grains and grain fragments (Engelder, 1974). Lloyd and Knipe (1992) describe the 
development of cataclastic fault zones in the quartzites of Skiag Bridge, Assynt, NW 
Scotland. Figure (2.2.1) illustrates the development of these features, from country rock to 
semi-healed cataclastic (or microbreccia-cataclasite) zones, as inferred by Lloyd and Knipe 
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(1992). Figure 2.2.1 a shows that, initially, deformation induces stress concentration at grain 
contacts. This produces intragranular extension fractures, as well as low temperature 
plasticity and low temperature ductile fracture deformation, as illustrated by Figure 2.2.1b. 
Continued deformation, represented by Figure 2.2.1c, creates the linkage of intragranular 
microfractures. On the larger scale, such linked microfractures have irregular traces and 
therefore, effective fracture widths of several grain diameters (Figure 2.2.1d). Linked 
fractures, illustrated in Figure 2.2.1e, represent a new weakness in the bulk rock to which 
subsequent deformation and displacement is localised. Fowles and Burley (1994) suggest that 
permeability reduction is not solely due to more efficient grain packing caused by grain size 
reduction, but may also be related to the healing of some fractures by local diffusive mass 
transfer (DMT) processes and fluid-influenced DMT (Figure 2.2.2b). Some pore spaces may 
also be healed by authigenic cementation and overgrowth development due to regional fluid 
flow. 
The properties of natural fault gouges described above may be used to compare 
experimentally-produced fault zones to reality, to see if the models are representative of a 
natural system. One of the main differences between natural fault zones and the experimental 
fault zones of the present study is gouge layer thickness. Natural deformation bands exhibit 
millimetre scale thicknesses, whilst the experimental samples used in this study are of the 
order of 2-3cm thick. Greater gouge thicknesses were required to allow the experimental 
study of compaction; fluid chemistry and permeability of gouge over a reasonable time scale 
(4-6 weeks) at the pressures and temperatures of interest. The use of millimetre scale zones 
would make these studies impossible, as pore fluid volumes would be too small to allow 
sufficient sampling for chemical studies, and thickness' too small to allow accurate 
compaction and permeability measurements to be made. The smallest possible zones of 
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gouge that allowed all required physical and chemical studies to be carried out were therefore 
used in this study. 
The remaining physical properties of a natural fault gouge are described in the next 
section. This knowledge was used to produce artificial fault gouges that are representative of 
a natural sample, for use in the laboratory experiments described in this thesis. 
2.2.2 Studies Concerned with the Particle Size Distributions in Gouge Rich Fault Zones. 
The particle size distribution within a fault gouge depends on the lithology of the 
deformed rock and the degree of stress required to deform the fault zone. Sammis et al. 
(1986) showed that particle size distributions in fault gouge systematically vary with 
lithology of the parent rock. For example, experimental fault gouges (produced by triaxial 
compression of rock specimens) from a Schistose or Granodioritic protolith yielded either 
log-normal or self similar particle size distributions (illustrated in 3-dimensions in Figure 
2.2.3). In contrast, a cemented sandstone yields a texture closer to that of a disaggregated 
protolith. Sammis et al. (1986) also observed distribution trends within natural fault gouges 
collected from the same lithologies along the San Andreas Fault Zone. The crystalline gouges 
again exhibited either log-normal or self-similar trends, with natural calcite-cemented 
sandstone gouges exhibiting a mixed log-normal distribution. This was attributed to the 
disruption of fracture behaviour in gouge by the presence of porosity. Sammis also suggested 
that the mixed log-normal trend occurred because of an inherited log-normal component 
which represented the framework of grains within the sandstone, admixing with a second 
log-normal component representing grains of a broken calcitic cement. 
Sammis et al. (1987) and Lin-Ji and Sammis (1994), later showed that sandstone without 
a calcitic cement also yielded a log-normal particle size distribution for larger grain fractions, 
(>1000p.m); whilst finer particles (<1000!.im) showed a power law relationship. The most 
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common power law distribution related to particle size distributions is described by Sammis 
(1987) who shows that: 
N(L) - ED 
	
(2.1); 
where N is the number of particles in the nth size fraction; L is the size fraction being studied 
and D is the fractal dimension. D may then be expressed as: 
D = log N(n)/logL(n) 	 (2.2); 
where N() is the number of particles in some size fraction n; and L() is the median 
diameter of particles in size fraction n. Typical D values for cataclastic sandstones observed 
by Sammis et al. (1987) over a particle range of 2j.tm to 500tm yielded D values (the fractal 




where r is the radius of the median particle in that fraction, though A may also be calculated 
analytically using BET techniques, discussed in Appendix 1.2. By relating the fractal 
dimension, D, to equation 2.3, it may be seen that: 
A - r42 
	
(2.4). 
When D is greater than 2, the smallest particles dominate the total surface area available for 
reaction. 
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The next section summarises the main experimental work that has been carried out to date 
towards an understanding of how these fractal gouges form. It also addresses other physical 
experimental work concerned with the properties of fault zones and their associated gouges. 
2.2.3 Experimental Work Concerned with the Physical Properties of Fault Zones. 
Purely "physical" experiments concerned with the study of fault zones and their sealing 
potential are classified in this chapter as being experiments that study; 
the mechanical properties of a fault zone, particularly regarding chemically-inert 
systems; 
the formation or development of fault zones from an initially undeformed rock; 
the development of petrophysical properties in artificial fault zones. These may be fault 
zones that have formed in the host rock, either through the application of shear stress in 
the laboratory, or by saw-cutting a failure plane across the sample; 
the evolution of the structure of fault zones during deformation. 
Based on this classification, previous physical experimental studies have been divided into 
two sub-sections, (1) dry and chemically inert experiments, where rocks are tested with no 
pore fluid or with a chemically inert pore fluid; and (2) wet experiments, where the pore fluid 
is chemically active, but the experimental work is primarily concerned with the influence of 
stress and strain on the physical deformation of the samples. The latter sub-section 
effectively acts as a bridge between purely physical experiments and the physico-chemical 
experiments to be discussed in section 2.5. 
A number of different experimental methods have been used to determine the physical 
properties of fault zones, most of which are common to both subsections. The main methods 
are creep or frictional sliding (shearing) tests and slide-hold-slide tests. 
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Creep is defined as the time-dependent deformation of rock at constant stress or static load 
conditions (Scholz, 1968). A typical creep curve is illustrated in Figure 2.2.4, where creep 
appears to be a three-stage process (Scholz, 1968; Main et al., 2000). Immediately after a 
load has been applied to the rock, creep strain develops but decelerates. Such initial creep 
strain is proportional to log time, and is called primary or transient creep. Transient creep is 
often followed by deformation at a constant strain rate called secondary or steady-state creep. 
In both of these phases, deformation is distributed throughout the sample. If secondary creep 
is allowed to continue, the deformation accelerates into a tertiary creep phase which ends in 
dynamic failure and a localised fracture. Scholz (1968) suggested that the brittle response of 
rocks may be accelerated in the presence of water. Such environmentally-assisted weakening 
of the rock is termed static fatigue. This is thought to be of particular importance in saturated 
silicate rich rocks, where the rock is weakened by the hydration of the silica-oxygen bond 
(Charles, 1959; la Roux, 1965). 
Creep tests primarily involve placing a rock or gouge sample under constant differential 
stress, such that they experience shearing and undergo brittle failure. Shear stress may be 
applied directly (often used in friction experiments), by the application of orthogonal 
principal stresses to a cylindrical specimen. The applied principal stresses may also vary, 
from uniaxial ((1YI>a2=c3=0) to true triaxial (c 1 >c 2> 3>0). Under both stress systems, the 
sample is placed under a primary axial load which tends to define the plane of maximum 
compressive stress, . "Triaxial" tests are placed under a confining pressure (Pa2 = 3), 
provided by pumping pressurised fluids around a jacketed sample. The sample must be 
jacketed to prevent the influx of confining fluids into the sample. Pore fluid pressure may 
also be imposed on the system if a pore fluid is present. 
The use of different lithologies as host and source rocks for the fault gouge have also been 
studied, along with the influences of different gouge compositions on mechanical 
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deformation mechanisms. Because the experimental work presented in this thesis is 
conducted using quartz-rich gouge, experiments using similar gouge compositions are paid 
particular attention in the following review. 
2.2.3.1 "Dry" Experiments 
Mair et al. (2000) placed dry, intact cylindrical samples of porous sandstones (100mm in 
diameter) under triaxial compression in order to investigate the formation and evolution of 
localised faulting. Her experiments were carried out at room temperature under a typical 
confining pressure of 34MPa and an axial strain rate of 5x 1 The tests generated fault 
zones (up to 300p.m thick) that consisted of distinct pale granulated strands separated by 
lenses of apparently undamaged host rock. The strands were sub-parallel to the shear 
direction but showed complex anastomosing geometry in perpendicular section. Within the 
strands, grain size, porosity and sorting were seen to decrease compared to the host rock. 
Mair et al. (2000) suggested that the strands strongly resemble the natural deformation bands 
discussed in section 2.2.1, in particular their sequential development. Haggert et al. (1992) 
also found that gouge formation was the direct result of frictional wear between the sliding 
surfaces of an experimental fault plane. Processes such as intergranular friction and grain 
surface erosion were found to be instrumental in the evolution of gouge. The grain size 
reduction associated with gouge formation provides a physical mechanism for fault sealing, 
in the sense that it inhibits fluid flow. Here, grain crushing creates an increased range of 
particle sizes, which are able to pack tightly (relative to the host rock) as smaller grains pack 
into the pore spaces of larger grains. The net effect is to decrease the porosity in the fault 
zone, increase the toruosity, and thus decrease the permeability (relative to the host rock). 
Such permeability reduction acts to impede fluid flow along and across the fault zone. 
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As well as experimental fault zones generated from initially-intact rock (for example Mair 
et al., 2000), a number of physical experiments have been conducted on pre-formed artificial 
fault zones. For example, simulated quartz rich fault gouges were deformed in a 45° saw-cut 
fault zone to simulate shearing on the gouge (Marone and Scholz, 1989); artificial fault 
gouges were also deformed under steady state shear in a triaxial stress environment 
(Shimamoto and Logan, 1981; Logan, 1981; Gu and Wong, 1994). The general findings of 
these experiments were that, after initial porosity collapse and grain crushing, shear 
localisation began. This led to the formation of Riedel shears. Similar artificial fault gouges 
were used in this thesis, but were sandwiched between parallel, horizontal stainless steel 
platens rather than angular, cut fault planes (Chapters 4 and 5). 
The general responses of host rock and associated fault gouge to compaction and shear 
deformation have been determined by Marone and Scholz (1989), using a series of dry 
physical experiments. The simulated fault gouge tended to show much less particle size 
reduction under hydrostatic deformation compared to shear deformation. From this, Marone 
and Scholz suggested that shear stress is very important for the reduction of particle size in a 
gouge rich fault zone. Wong and Zhu (1999) discuss the influence of such shear-enhanced 
compaction in porous sedimentary rocks. By combining the results of the experiments of 
Marone and Scholz (1989); Morrow and Byerlee (1989) and Scott et al. (1994) it may be 
seen that lithology and porosity play important roles in the deformation of fault gouge under 
dry conditions. Low-porosity crystalline rocks and their subsequent gouges tend to show 
more dilation under shear deformation than coarser, often higher porosity gouges of 
sedimentary origin (Wong and Zhu, 1999). Quartz sand gouges show some dilation in 
localised shear bands, but tend, overall, to be dominated by compaction as grains fragment 
and porosity collapses. 
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2.2.3.2 "Wet" Experiments. 
Wet physical experiments have, to date, generally involved studying artificial fault zones 
containing pore fluids, under slide-hold-slide conditions in direct shear loading. Here, 
samples were initially deformed with a sliding motion, as per a standard creep or shear 
experiment. Once a steady state shear stress was reached, the sliding was stopped, holding 
deformation at a constant stress. This constituted the hold stage. After a set hold time, sliding 
was continued and the response of the gouge was further observed. Most slide-hold-slide 
experiments reviewed found that the initial sliding phase showed a standard deformation 
trend, with considerable porosity and permeability decreases being observed as shear-
enhanced compaction initiated. This caused extensive grain crushing and pore collapse. 
Some gouges (primarily low porosity [<15%]) were, however, seen to dilate in the early 
stages of compaction, particularly those composed of low-porosity crystalline rocks and low 
porosity sandstones (e.g. Morrow and Byerlee, 1989; Zhu and Wong, 1997). The hold phase 
placed surfaces in stationary contact causing a degree of stress corrosion and an increase in 
fault strength over time (Morrow and Byerlee, 1989; Zhu and Wong, 1997; and Nakatani, 
1998). Tullis (1993) referred to this trend as the evolution effect. This takes effect as sliding 
is resumed because the resistance of the fault to sliding reaches a peak value greater than the 
initial steady state value. Subsequent decay returned the sliding rate to the original steady 
state value. Tullis suggested that such fault zone strengthening was caused by pressure 
solution at stressed grain point contacts. 
Wet shear experiments have also been described in the literature. They show a similar 
initial response to shearing as the dry experiments, with samples undergoing porosity and 
grain size reduction due to grain crushing (Morrow and Byerlee, 1989; Wong, 1990; 
Blanpied et al., 1992). Further shearing elevated pore fluid pressures because fluid flow paths 
had become reduced and blocked during grain comminution. This prevented fluids escaping 
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from the system, causing an increase in pore fluid pressure. At higher effective pressures, 
enhanced chemical compaction was seen to evolve as pressure solution began to occur 
between grains. Chemical compaction modified grain contact geometries by smoothing out 
grain angularities and by precipitating cement into pore spaces (Wong, 1990; Blanpied et al., 
1992; Sleep and Blanpied, 1992; Chester and Higgs, 1992; Lockner, 1993). The pressure 
solution processes acting on these samples has also been described as a temperature sensitive 
process, requiring high temperatures to activate its onset (Sleep and Blanpied, 1992; Chester 
and Higgs, 1992; Lockner, 1993). This temperature dependence was used to describe two 
main processes that occurred in fault zones placed under shear. At low temperatures 
(<300°C) the fault acted in a brittle manner, undergoing cataclasis. At higher temperatures 
(>300°C), the fault acted in a ductile manner, allowing pressure-solution driven cataclastic 
flow to dominate. Although shear experiments required high temperatures to initiate pressure 
solution processes, the experimental work conducted in this thesis shows evidence that 
pressure solution may have occurred at much lower temperatures (90-120°C) under non-
hydrostatic loading (Chapters 5 and 6). This suggests that the type of applied pressure, as 
well as temperature, may be important in the activation of pressure solution and thus porosity 
and permeability reduction in a gouge-rich fault zone. 
The importance of the presence of water in a gouge rich fault zone has been discussed in 
reference to the main physical characteristics of the fault. The influence of water, however, 
has much stronger implications on the chemical and physico-chemical properties of the fault 
zone. These relationships are discussed in greater detail in the following sections (2.3 and 
2.4). 
2.3 Chemical Properties of a Gouge Rich Fault Zone. 
This thesis is primarily concerned with the chemical reactivity of gouge rich fault zones. 
Silicate-water systems form the basis of the experimental work to be presented in this thesis. 
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This section provides a chemical overview that focuses on the kinetic theory of- and 
experimental studies based around- silicate-water reactions. 
2.3.1 Chemical Kinetics and their Relation to Silicate Reactivity. 
The main chemical reaction that describes quartz reactivity is the first order reaction of 
quartz dissolution in contact with water. This reaction is often assumed to take the form: 
Si02(s) + 21­120 	H4SiO4(aq) 	 (2.5); 
consisting of the two opposing reactions: 
Si02 + 2H20 - (SiO 2H20)*  H4SiO4 	 (2.6a) 
and 
H4SiO4 -> (Si02 2H20)*  Si02 + 21­120 	 (2.6b) 
where the * represents all intermediate steps. The intermediate was chosen for its simplicity 
in describing first order reactions, but direct evidence shows that it does not actually exist, 
and that its form may vary depending on solution composition, as well as ambient pressures 
and temperatures (Rimstidt and Barnes, 1980). Figure 2.3a illustrates a more detailed 
description of the intermediate phase as described by Dove and Crerar (1990). This set of 
reactions will be termed "quartz hydrolysis" below. Reaction 2.5 has been studied in some 
detail through a number of experimental "batch test" studies by authors including Rimstidt 
and Barnes (1980) and Hoidren and Speyer (1985, 1987). 
A generic batch test (based on the work of Holdren and Speyer, 1985, 1987) involves 
placing a measured weight of a powder, such as ground quartz sand or feldspar, of known 
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surface area into a measured volume of solute (often distilled water). Such experiments 
typically ran at a fixed, known temperature (usually 25-300°C) and pressure (usually 
0.1 MPa). The powders in these studies were pre-prepared through a standard sequence of 
processes. The parent material was firstly ground to produce the required particle size and 
surface area for the sample, and to create "fresh" reactive surfaces. The ground powders were 
then sieved to segregate the required particle sizes for each test. After sieving, the powders 
were washed in ethanol or acetone in an ultrasonic bath in order to remove any ultra-fine 
particles that were adhering to the surface of the larger grains. To further ensure that all ultra-
fine particles had been removed, the samples were washed in a 5% hydrofluoric acid, 
0.5molar sulphuric acid solution. The major disadvantage of this final process of washing 
was that it removed any highly reactive grain surface sites, such as dislocations. This implies 
that the measured reaction rates are lower than they would be for natural fault gouge 
particles. 
Holdren and Berner (1979) studied the chemical reactivity and microscopic surface 
features of artificially ground feldspar powders both before and after batch-type dissolution 
experiments. They found that the dissolution curve showed two main stages of evolution. 
Figure 2.3.1 illustrates this trend, showing that the early part of the curve yielded a parabolic 
or non-linear rate of dissolution, while the latter part of the curve showed a linear dissolution 
trend. Scanning electron microscope analysis of samples from various stages of a dissolution 
experiment showed that the grain surfaces of freshly ground, sieved powder samples were 
coated with ultra-fine particles. These particles were thought to have been generated during 
the grinding of the sample. After the parabolic stage of dissolution, no ultra-fine particles 
were seen on the surfaces of the remaining grains. Holdren and Bemer (1979) concluded that 
the non-linear dissolution rate was caused by the dissolution of the ultra-fine grains that 
adhered electrostatically to the surfaces of the larger grains. The later linear dissolution 
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trends were attributed to dissolution at sites of excess energy, such as dislocations and crystal 
defects on the surfaces of the larger grains. These observations necessitated the 
implementation of the cleaning methods described above on the samples used in the 
experiments of Chapters 3, 4 and 5. 
The effectiveness of the cleaning techniques described above were tested using SEM 
analysis of the samples. The results showed that some ultra-fine grains remained, even after 
the application of a rigorous cleaning regime (Figure 2.3.2). The ultra-fine grains were 
efficiently removed by Hoidren and Speyer (1984) using acid etching techniques (Chapter 3). 
This technique also tended to remove some of the surface inhomogeneities typical of a fresh 
powder. Therefore, acid etching was omitted from the cleaning process used in the 
experimental study presented in Chapters 3, 4 and 5. This enabled the artificial fault gouge to 
be more representative of a "realistic" gouge fraction, as it still maintained most surface 
roughness features, while eliminating most of the ultra-fine particles. 
The dissolved silica data from the batch tests was used by Holdren and Berner, 1979; 
Rimstidt and Barnes, 1980; Holdren and Speyer, 1985, 1987 to determine the reaction rates 
for quartz and feldspar powders with known interfacial areas (A) and activity coefficients 
(y,), dissolved under known pressures (P) and temperatures (T), in known masses of water 
(M). Rimstidt and Barnes (1980) developed a rate equation describing silica-water reactivity 
from 0-300°C, based on the stoichiometry and the activities of the reactants in reaction (2.5). 
The model is based on absolute rate theory and is limited by the assumptions implicit in this 
theory. These state that the reactants must pass through a free energy maximum before being 
converted to products, as illustrated in Figure 2.3.3. The Figure shows that the rate of 
reaction depends on the height of the free energy barrier, AG +. Reaction rates also depend on 
activation energy of the reactant (E a), and the experimental temperature, via the Arrhenius 
equation: 
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k = (AI)ea'I 	 (2.7a), 
such that; 
liilc = (EaIR)(1/T) + ln(A') 	(2.7b); 
where A' is a "frequency factor" related to the geometry of the activated complex; E a is the 
activation energy; R is the gas constant (8.314JK'moi'); and T is the absolute temperature 
of the system in degrees kelvin. Typical activation energy values for quartz dissolution were 
found to be between 67.4-76.6kJmoF 1 , with quartz precipitation Ea'S being of the order of 
49.8kJmor' (Rimstidt and Barnes, 1980). The rate of the reaction is also directly proportional 
to the concentration of the activated complex. The final rate equation then takes the form: 
(daH4so4/dt) = (A1M)(yH4so4)(k+asIo2a2H20 - Ica H4s 1o4) 	(2.8) 
where A is the relative interfacial area between the solid and aqueous phases; M is the 
relative mass of water in the system; a i is the activity of i; yj is the activity coefficient of i; 
and k+ and k. are the dissolution and precipitation rate constants respectively. Rimstidt and 
Barnes (1980) also showed that the rate constants, k+ and Ic could be determined by using the 
equations; 
k+ = a+bT+c/T 	 (2.9a) 
and 
Ic = a+c/T 	 (2.9b) 
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where a, b and c are constants, the values of which are summarised in Table 2.1 for a number 
of materials; and T refers to the temperature of the reaction (please note that these equations 
are empirically determined from their experiments). 
Physical evidence of chemical dissolution processes have been observed on grain surfaces 
following a series of microscope analysis of chemically deformed samples (Berner and 
Holdren, 1979; Gratz et al., 1990). These studies showed that the main features found to 
develop are Etch Pits; Etch Tunnels; Chatter Marks and Negative Crystals. Figure 2.3.4 
illustrates the evolution of these features in feldspar, while Figure 2.3.5 shows a Jumbo Pit 
that has developed in a quartz grain. 
The effects of a range of environmental variables on reaction rates, including temperature, 
pH and solution composition have also been studied. The main findings are summarised in 
the following section. 
2.3.1.1 Temperature and Pressure. 
Chemical potential (p.) is an important factor to consider when looking at the influence of 
temperature and pressure on fault gouge reactivity. It can be simply defined by the following 
equation; 
p=(ôG/n)rp 	 (2.10) 
where G is the Gibbs free energy; i refers to a particular component in the system; and n 
refers to the number of moles of that component added to the system (e.g. by dissolution). 
The chemical potential of a system is thus the partial molar Gibbs free energy, or amount (per 
mole) by which the Gibbs free energy of a system changes with the addition of an 
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infinitesimal amount of a particular component (e.g. pressure or temperature), (Drever, 
1997). 
Robin (1978) shows that increasing temperature will lead to an increase in chemical 
potential; 
1u=p5+RT1nC 	 (2.11) 
where Ps  is the chemical potential at standard state, and C1 is the concentration of i. 
Such an increase in chemical potential will also yield an increase in dissolved concentrations 
of i. A number of experimental studies, including Rimstidt and Barnes (1980); Helgesson et 
al. (1984); Dove and Crerar (1990); Dove (1994); Dove and Rimstidt (1994) and Helgesson 
(1994) all show that chemical reaction rates have a positive temperature dependence. Figure 
2.3.6 summarises a plot from Dove and Rimstidt (1994) that illustrates an increase in 
dissolved silica concentration occurs as temperature rises. The data represented by these plots 
was calculated using the methods of Rimstidt and Barnes (1980), outlined above. (Please 
note that chemical potential is primarily an equilibrium concept, and not a kinetic one). 
The application of hydraulic pressure to a loose, recirculating powder has also been shown 
to increase silica solubility (Dove and Crerar, 1990). This relationship is illustrated in Figure 
2.3.6 (after Dove and Rimstidt, 1994). Dove and Rimstidt (1994) state that this positive 
relationship is related to the interaction of the Off groups of H 4SiO4 with dipolar water 
molecules. An increase in environmental pressure leads to an increase in the density of water 
molecules at the silicate surface. This means more water molecules are in the vicinity of the 
OH groups of the silicate, increasing the frequency of encounter between H 4SiO4 and water 
molecules. Thus an increase in fluid pressure leads to an increase in the number of molecules 
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in the most stable bond configuration, lowering the free energy of formation of H 4SiO4 (aq), 
leading to greater silica solubility in the fluid. 
2.3.1.2 pH and Solution Composition. 
Helgesson et al. (1984); Dove and Crerar (1990); Dove and Elston (1992) and Hellmann 
(1994) all conducted dissolution experiments on silicate rich (usually quartz or feldspar) 
powders in solutions of varying p11. Their work showed that silicate solubility is strongly 
dependent on the pH of the reacting solution. The general findings were that more alkaline 
conditions (pH7 and above) increase rates of dissolution compared to systems with a neutral 
or acidic pH. Hellmann (1994) further describes dissolution reactions as having a "U-shaped" 
symmetrical dependence on pH (Figure 2.3.7). Here, dissolved feldspars show almost equal 
values for the slopes of both the acid and alkali regions of the rate versus pH curve, with a 
minimum at neutral pH. 
Dove and Crerar (1990) described the importance of the composition of the reacting fluid 
on silica solubility. They dissolved quartz sands in a mixed flow reactor, using a range of 
fluid compositions, from distilled water to 0.0-0.15 molar solutions of NaCl, KCI, LiC1 and 
M902. They found that even a small concentration of electrolyte in solution increased 
solubility by 1.5 orders of magnitude above the values for distilled water. Figure 2.3.8 
illustrates a plot of the dissolution curves of silica in a variety of electrolyte solutions over a 
range of temperature from 25 to 300°C (Atkins, 1995). This plot clearly shows that solutions 
containing KC1 and NaCl have the greatest positive influence on silica solubility. The cations 
are thought to directly interact with the oxide surface of the silicate as co-ordinated 
complexes (Figure 2.3b) which disturb the surface structures, resulting in an increased 
accessibility of the Si-O-Si linkages. Thus, the presence of adsorbed cations on the quartz 
surface produces a steric effect, which allows water to have a more direct access to the Si-O- 
27 
M.A.Kay 	Physico- Chemical Mechanisms of Fault Sealing.-An Experimental Study. 
Si bonds. The cation does not react directly with the bond that is being broken, so the 
fundamental dissolution mechanism is unchanged from that proposed for quartz hydrolysis in 
pure water (Figure 2.3a). 
2.3.1.3 Particle Size and Surface Area. 
Hoidren and Speyer (1985) used batch-type experiments to study the dissolution of a 
range of particle size distributions of feldspar powders in a range of solutions including 
distilled water at 22°C. Their findings, summarised in Figure 2.3.9, clearly show that the 
finer size fractions have a higher dissolution rate than the coarser size fractions studied. This 
relationship is primarily related to the total surface areas of the grains per unit volume. The 
next section illustrates, in part, that smaller grains have higher energies. Both properties 
make small particles more susceptible to dissolution than larger grains. 
2.4 Physico-Chemical Properties of Silicate Rich Rocks and Fault Zones. 
The work considered thus far has outlined the reaction kinetics of silica in well-mixed 
aqueous fluids. In the Earth, dissolution and precipitation will also be limited or enhanced by 
the physical structure of the pore space, the transport of reactive species in solution, or 
heterogeneities in the stress field. In particular, the morphology of the grain size distribution 
in fault gouge favours the preferential dissolution of smaller particles because they have a 
greater reactive surface area and a higher specific energy. The dissolved silica is then likely 
to precipitate on surfaces with a larger radius and smaller specific surface energy. This 
process of dissolution from small particles, transport, and re-precipitation on larger ones is 
known as Ostwald ripening (Ortoleva, 1994). Another example of a physico-chemical 
process is pressure solution, which occurs preferentially at grain-grain contacts where the 
stresses are highest, with material being deposited at sites where the stresses are lowest. In 
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the Earth, a newly formed fault gouge will be subject to fault normal stress which tends to 
physically compact the gouge, and contain a large fraction of small, reactive fragments. Thus 
Ostwald ripening and pressure solution are likely to operate both within the Earth and in 
experiments carried out in order to examine the properties of reactive fault gouge in the 
laboratory. The next section will describe both of these processes and their influence on the 
properties of porous, water-saturated powders, rocks, and fault gouges placed under pressure. 
The other purely chemical factors described in section 2.3.1 will also be considered, as they 
have significant effects on the reactivity of silicate rich systems under pressure. 
2.4.1 Pressure Solution and Ostwald Ripening. 
2.4.1.1 Pressure Solution. 
Chemical potentials (first described in 2.3.1. 1)  can be affected by applied pressures acting 
on a system, particularly where grains undergo point loading (i.e. where c1>c2>3, termed a 
non-hydrostatic system in this thesis). Here, chemical potential is greatest at the grain 
contact, relative to the surrounding pore spaces. This relationship can be described by the 
following equation; 
Pmax% Vo(D/a) 2Pe 	 (2.12) 
where p,,a., is the chemical potential value at the centre of the grain contact; V0 is the initial 
molar volume of the solid undergoing dissolution; D is the average grain diameter; a is the 
grain contact area; and Pe is the effective pressure (Robin, 1978). The relationship described 
by (2.12) creates the potential for dissolution of material at high stress grain contacts, and 
diffusive transportation to the lower stress environment of pore spaces, where the material 
may precipitate. The rate limiting stage for this process is generally the diffusive transport 
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stage, (Heald, 1955; Weyl, 1959; Sprunt and Nur, 1977 Robin, 1978). This pressure 
controlled chemical compaction is often termed pressure solution. (Please note that equation 
(2.12) could be used to calculate the influence of system pressures on the chemical potential 
and chemical reactivity of the fault gouge studied in this thesis. However, due to the mixed 
particle size distributions and random packing of the materials used in the experiments 
presented in Chapters 3 to 5, grain contact areas could not be determined, and subsequently 
chemical potential could not be calculated). 
Pressure solution is best documented in quartzose sandstones (Houseknecht, 1984), where 
it creates a mean decrease in porosity compared to an undeformed sample. A number of 
optical features visible under a scanning electron microscope (SEM) and associated cathode 
luminescence (CL) studies may be used to discern whether pressure solution has acted upon a 
rock. The main feature is an inter-locking grain texture as illustrated in Figure 2.4.1. Here, 
pits develop in grain surfaces where one pebble inter-penetrates another, accommodated by 
the removal of material in solution (Ramsay, 1977; Rutter, 1983). Mineral overgrowth 
textures are often associated with inter-locking grains, suggesting local precipitation near the 
grain-grain contacts. An example of this relationship is also illustrated in Figure 2.4.1. A 
precipitation halo texture develops as the material removed during dissolution is re-
precipitated in a zone of lower stress (Ramsay, 1977; Rutter, 1983). 
Two mechanisms have been proposed as the driving forces of pressure solution, water-
film diffusion (WFD) and free-face pressure solution (FFPS). Water-film diffusion involves 
dissolution within grain contacts, where stresses up to 1 OOMPa may be concentrated. The 
dissolved material then diffuses along an adsorbed intergranular fluid film into the pore fluid 
(Weyl, 1959). Free-face dissolution occurs directly into the pore fluid from strained edges of 
grain contacts (Tada and Siever, 1986; Tada et al., 1987). Optical microscope and SEM 
analyses of hydrocarbon reservoir rocks, coupled with experimental work, have shown that 
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WFD tends to preferentially occur at intergranular contacts that contain small (5-25%) 
amounts of clay. WFD also preferentially compacts fine-grained (<0.5mm) sandstones 
relative to coarser ones. Cleaner sandstones (<5% clay) however, tend to undergo chemical 
compaction by FFPS. The compaction of coarser grained (>0.5mm) sandstones is also 
favoured by FFPS relative to WFD (Weyl, 1959; Dewers and Ortoleva, 1990, 1991; Elias 
and Hajash, 1992; Fisher et al., 1998, 1999, 2000). 
Further experimental and microscopy studies have shown that the rates of pressure 
solution are influenced by a number of physical and chemical properties outlined below. 
. The amount of effective pressure applied to a system influences the amount of compaction 
a system may experience under hydrostatic stresses. For non-hydrostatic stress the porosity 
reduction is greater due to shear enhanced chemical compaction (Sprunt and Nur, 1977). 
The greater the magnitude of the applied confining and pore fluid pressures, the greater the 
magnitude of observed porosity decrease (Sprunt and Nur, 1977). 
• Compaction which includes mass transfer is temperature controlled (at temperatures 
>90°C), with higher temperatures yielding faster dissolution-transport rates and, therefore, 
compaction rates (Houseknecht, 1984; Bjorkum, 1996; Oelkers et al., 1996). 
• Compaction during pressure solution is a highly time dependent process. Experimental 
work shows a rapid, early decrease in porosity, followed by a more steady state change in 
porosity. Sprunt and Nur (1977), suggested that this initially rapid decrease in porosity is 
related to the pore fluids being under-saturated relative to the stressed grain contacts in 
terms of silicate. As the pore fluid is now out of equilibrium with the rock, it is likely to 
have a high positive reaction rate with respect to the dissolution of the rock. Gratier et al. 
(1993) further suggested that water-film diffusion (WFD) and free-face pressure solution 
(FFPS) may also be time dependent. It is argued that FFPS occurs during the first few hours 
to days of an experiment due to the increased elastic and plastic surface strain energy 
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associated with the imposed stress. After this time, over a range of weeks to months, WFD 
prevails as slower mass transfer processes such as diffusion begin to dominate due to the 
decrease in available free face surface area. The former is reaction-limited, the latter 
diffusion limited. 
The grain size of the reacting system is very important. The finer grained the material, the 
more rapid porosity loss tends to occur (Heald, 1956; Sprunt and Nur, 1977). This is 
consistent with the same observations in chemical batch-tests (Hoidren and Speyer, 1985). 
. The presence of clay at grain contacts can significantly influence the rate of pressure 
solution. If very little clay (0-5%) is present at the contact, dissolution and therefore 
pressure solution will be very slow. Where 5-25% clay material occurs at a grain contact, 
pressure solution and dissolution tend to be enhanced. The clay increases the pH in the 
system, creating an environment that allows enhanced silicate dissolution. If, however, the 
grain contact contains >25% clay, it is likely to retard pressure solution, as the clay coats 
the grains. This prevents any interaction between the grain and any intergranular fluids or 
pore fluids. (Heald, 1959; Houseknecht, 1988; Tada and Siever, 1989; Dewers and 
Ortoleva, 1990, 1991; Bjørkum 1996; Fisher et al., 1998, 1999, 2000). 
. Unbroken mica grains have been observed penetrating quartz grains in rocks that have been 
stressed to pressures much greater than the breaking point of the mica (Figure 2.4.2). This 
suggests that micas may act as a catalyst for quartz dissolution via pressure solution, 
leading to gradual penetration into quartz grains rather than breaking under strain (Bjørkum, 
1996). 
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2.4.1.2 Ostwald Ripening. 
Ostwald ripening involves the redistribution of the mass of a substance from small 
crystals or grains to larger crystals or grains. The main driving force of ripening is the high 
solubility of the smaller grains relative to the larger grains, due to their greater surface area 
per unit mass (Parks, 1984, 1990; Morse and Casey, 1988; Steefel and Van Cappellen, 1990). 
For a system with a known amount of supersaturation relative to the bulk material, the 
solution is saturated with particles of size r*,  this being the critical grain radius at that time, 
given by the Gibbs-Kelvin equation (Morse and Casey, 1988; Steefel and Van Cappellen, 
1990); 
r* = 2mVo/RT1n(C/Ceq) 	 (2.13) 
where m is the interfacial free energy; Vo is the molar volume of the mineral; C is the 
concentration of mineral in solution and Ceq is the bulk solubility, representative of very large 
particles. For mineral grains with a radius less than r*,  the solution is under-saturated. For 
grains with a radius greater than r*,  the solution is super-saturated. In this environment, 
smaller particles tend to dissolve and re-precipitate as larger grains or crystals, in both cases 
moving down the chemical potential gradient. The mass transfer process from smaller grains 
to larger ones, has the effect of decreasing the total number of grains per unit mass in the 
system (Morse and Casey, 1988; Steefel and Van Cappellen, 1990). The ratio of the 
solubility of a grain of radius, r, and the bulk concentration, C, can be obtained from the 
Gibbs-Kelvin equation as follows (Nielsen, 1964; Steefel and Van Cappellen, 1990): 
Cr/C = exp[2mVo/RT( 1 /r- 1 / r*)] 	 (2.14) 
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Equation 2.14 indicates that the origin of the driving force for Ostwald ripening lies in the 
interfacial free energy of the mineral, tu, per unit surface energy. 
2.4.2 Modelling the Chemical Evolution of a System over Time. 
In order to fully understand evolving system chemistries and reaction rates, dissolution 
data must be quantitatively analysed and kinetically modelled. Atkins, (1995) describes a 
textbook method for calculating the temporal evolution of concentrations of chemical 
reactants, intermediate species and products from reaction kinetics. In principle, this theory 
can be used to determine the form of changes in dissolved silica concentration related to the 
changes of particle size during Ostwald ripening. In the analysis that follows, small particles 
are regarded as reactants, [A]; dissolved silica as the intermediate species, [I]; and silica 
precipitated on or as larger particles as products, [P]. For simplicity, a negligible steady-state 
concentration of silica is assumed to be in the pore fluid, so that [I] reaches zero as time 
approaches infinity. Under these conditions; 
d[A]/dt = 4(a[A] 	 (2.15a); 
where [A] represents the concentration of reactant (fine particles); and k a represents the 
dissolution rate of fine particles. The intermediate phase, I (dissolved silica solution here) is 
formed from A (at a rate of ka[A])  but then decays to form P (overgrowths on coarse particles 
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in this case), as illustrated in Figure 2.4.3, at a rate of kb[I].  The net rate of formation of I is 
therefore the net difference between dissolution and precipitation rates; 
d[I]/dt = ka[A] - kb [I] 	 (2.15b); 
The product P is formed by the unimolecular decay of!: 
d[P]/dt = kb [I] 	 (2.1 5c). 
For this simplistic case, it is assumed that initially only fine grains (A) are present, and that 
their initial concentration is [A]o. The first of the rate laws, represented by 2.15a is an 
ordinary first-order decay. It is therefore seen that; 
[A] = [A]oet 	 (2.16); 
By substituting this equation into 2.1 5b, and setting [I] o to zero, the solution for [I] is; 
[I] = kafkbka (e t - et)[A]o 	 (2.17). 
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At all times the total mass of silica must remain in balance, so, [A]+[I]+[P] = [A]0. From 
2.15 and 2.16, the concentration of P is then; 
[P] = {l+(kaet - kbet/kb - ka)}[A]ø 	 (2.18). 
During these concurrent reactions, the concentration of I rises to a maximum, and then falls 
to zero, as illustrated in Figure 2.4.3. The concentration of the product P (coarse grains) 
simultaneously rises from zero towards its equilibrium constant, [A] 0, as the concentration of 
A (the fines grains) decreases as Ostwald ripening proceeds. 
2.5 Previous Experimental and Microscopic Studies of Physico-Chemical Processes in 
Rocks and Fault Zones. 
This thesis concentrates on the laboratory determination of some of the physical, chemical 
and structural properties of synthetic fault gouges in aqueous solution, and under fault-
normal stress. More generally, physico-chemical processes (as described above in section 
2.4), form some of the most important deformation mechanisms during the diagenesis and 
deformation of sedimentary rocks and fault zones in shallow crustal environments (90-
120°C, 25-55MPa confining pressure). They are of particular importance to the long term 
evolution of hydrocarbon reservoir rocks, as most reservoirs consist of the shallow to mid-
crustal sandstones in the top few kilometres of the Earth. Hydrocarbon production itself 
modifies the fluid-rock chemical potential and stress fields in the reservoir, to conditions 
suitable for physico-chemical processes to dominate (e.g. Main et al. 1994). For example, 
36 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
enhanced oil recovery techniques often promote physico-chemical processes. Here, sea water 
or alkaline solutions are flushed through a reservoir in an effort to drive hydrocarbons out of 
the reservoir. These fluids are often out of chemical equilibrium with the reservoir rock, 
resulting in a number of chemical and physico-chemical reactions between the rock and its 
new pore fluid. Part of the aim of this thesis is to quantify such diagenetic reaction rates at 
these shallow crustal pressures and temperatures using a novel series of experimental studies, 
described in Chapters 3, 4 and 5. 
The influence of physico-chemical processes on quartz rich sandstones are described in 
greater detail below. Section 2.5.1 describes the physico-chemical processes involved during 
the diagenesis of sediments and rocks in shallow crustal environments; while section 2.5.2 
concentrates on the processes within fault zones and their associated gouges. This thesis will 
concentrate on the latter. 
2.5.1 Physico-Chemical Processes in Undeformed Shallow Crustal Systems. 
The shallow burial (0-3 kilometres) of quartz rich sediments usually results in their 
diagenetic alteration, particularly in the presence of reactive pore fluids. Shallow to mid-
crustal ambient pressures and temperatures (0-30MPa and 25-120°C) favour the onset of 
physico-chemical interaction between the sediment and any pore fluids. To understand this 
process in greater detail, a number of experimental studies have been carried out by placing 
sediment under simulated shallow crustal conditions in the laboratory. 
The simplest of these experiments studied the diagenesis of unconsolidated St Peters sand 
under simulated shallow crustal conditions (90-200°C; 25-55MPa effective pressure), using a 
hydrothermal flow through reactor for periods of weeks to months, (Dewers and Hajash, 
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1995). The experiments found that the amount of silica dissolution that occurred during 
burial was grain size dependent. The smaller the grain size, the greater the concentration of 
dissolved silica observed, for constant effective stress and volumetric strain. This behaviour 
shows that the reaction kinetics of silicate dissolution in the shallow crust are proportional to 
surface area or to the surface density of reactive sites. Concentration behaviour is, therefore, 
influenced by the kinetics of the system as outlined in section 2.3.1, and by Bjørkum (1996). 
Dewers and Hajash (1995) also found that both pressure solution and a process similar to 
Ostwald ripening occurred during the shallow diagenesis of sands. The latter process 
occurred as a background process that acted independently of effective pressure, while the 
former was an enhanced dissolution process that occurred with the application of effective 
stress, and was thought to involve both water-film diffusion (WFD) and free-face pressure 
solution (FFPS). Optical and scanning microscope studies were carried out on the deformed 
samples, and showed that a number of flat grain contacts had developed between grains, as 
illustrated in Figure 2.4.1. The number and area of flat contacts were found to increase with 
increasing strain. Flat grain contacts are consistent with pressure solution because they 
represent areas where material has been preferentially dissolved under high stress and 
transported away, to areas of lower stress, where material precipitated as grain overgrowths. 
The overall mechanism of dissolution in this system is described by Dewers and Hajash 
(1995) as an importer/exporter reaction, with fine grains dissolving and re-precipitating on 
the surface of larger grains in a similar process to Ostwald ripening, but at a rate controlled 
by pressure solution reactions. 
Bjerkum (1996); Bjørkum et al. (1998) and Fisher et al. (1998, 2000) show that pressure 
solution also influences lithified rock units, often reducing reservoir permeability through the 
formation of flat grain contacts (Figure 1.2) and, on a larger scale, of stylolites. Both of these 
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features form by dissolution at point contacts, and act as sources of precipitated grain 
cements and coatings. Bjørkum et at. (1998) and Fisher et al. (1998, 2000) further show that 
the presence of small quantities of clay at grain contacts enhances pressure solution 
significantly, as outlined in more detail in section 2.4. 
Most previous physico-chemical experimental work involved the deformation of whole 
rock samples and cores under a range of pressures and temperatures. The main findings of 
this work was that the chemical disequilibrium created by an influx of fluids that are out of 
chemical equilibrium with the host rock can have a significant influence on the chemistry and 
permeability of quartz-rich sandstones. Ngwenya et al. (1995) found that physico-chemical 
reactions between artificial brines and quartzose sandstones can reduce permeability by up to 
50% of the original value. The main explanation for this has been ion exchange between the 
brines and aluminosilicate clays, leading to considerable clay swelling (Bazin and Labrid, 
1989, 1993; Elphick et al., 1996; Hajash and Bloom, 1991; Ngwenya et al., 1995). The main 
process outlined by these authors is the uptake of magnesium and calcium ions, which 
enhances the precipitation and swelling of smectite. Ngwenya et al. (1995) show that the 
uptake of calcium from the brines leads to anhydrite precipitation, while the uptake of 
sodium and potassium caused potassium feldspar and illite precipitation. Elphick et al. 
(1996) used 180  isotope enriched artificial brines as injected pore fluids. This allowed the 
determination of whether secondary silicate overgrowths had precipitated on grain surfaces. 
Ion microprobe analysis of post experimental samples enabled the study of the uptake of 
silica from solution and its re-precipitation as overgrowths. The principles behind this 
process are that primary quartz grains have fixed ratio of 160/180.  Therefore, if secondary 
silica had precipitated from solution, it would yield a lower 160/180  ratio, as the 180  content 
would be higher (having been taken up from the pore fluid). The findings of this study 
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showed that silicate re-precipitation has occurred on quartz grains, suggesting that pressure 
solution can form an important constraint on enhanced oil recovery induced diagenesis. 
A number of microscopy studies on hydrocarbon reservoir rocks have also been conducted 
towards an understanding of the diagenetic and physico-chemical processes that act on 
typical reservoir rocks over time. Fisher et al. (1998, 1999 and 2000) analysed a large number 
of cores from a variety of North Sea reservoir sandstones that had undergone burial and 
diagenesis. Their observations showed that during early diagenesis, dissolution is common 
even at low temperatures. This is particularly true with sandstones that contain ultra-fine 
particles and siliceous sponge spicules. In both cases, the dissolved material has a high 
surface area to volume ratio, so they would be expected to dissolve first according to 
equation 2.14. The predominantly chemical dissolution of these features produces a large 
amount of secondary porosity. The silica that dissolved to produce the secondary porosity 
was re-precipitated later as grain overgrowths and primary pore fillings (Stewart, 1986; 
Fisher et al. 1999). The results of subsequent, deeper burial at higher temperature and 
pressure were found to be consistent with strongly linked physico-chemical processes. 
Deformation at greater depths caused the secondary porosity, produced by dissolution of 
susceptible silicate, to collapse. Pore collapse was driven by mechanical compaction due to 
grain crushing. For example, Wong and Zhu (1999) see grain crushing at pressures of 
1 OOMPa under hydrostatic conditions, and at lower pressures for shear enhanced compaction. 
The finer grains produced during mechanical compaction were more susceptible to Ostwald 
ripening-type processes because of their higher surface energies and dissolution potential. As 
a result, they dissolved rapidly and re-precipitated as grain overgrowths and pore cements 
(Fisher et al., 1999). 
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Hettema et al. (1998) showed that compaction-induced deformation occurs over more 
rapid time scales during hydrocarbon production in sandstone reservoirs. The removal of 
hydrocarbons from a reservoir reduces pore fluid pressures in the system. This causes a 
relative increase in the effective normal- and shear- stresses in the reservoir, and leads to the 
compaction of grains. The removal of chemically inert hydrocarbons from a reservoir will 
also lead to an influx of pore fluids from outside of the reservoir. These fluids are likely to be 
out of chemical equilibrium with the reservoir (Main et at., 1994). The combination of 
compaction and chemical instability leads to the initiation of physico-chemical deformation. 
Chemical and physico-chemical processes are particularly likely to dominate in hydrocarbon 
reservoirs as temperatures tend to be greater than 90°C in this environment. Under these 
conditions, temperature becomes much more important than pressure, as physico-chemical 
processes depend exponentially on temperature (Bjorkum, 1996). 
The studies summarised in this section have examined diagenesis which is distributed in 
space within the volume of the rock. Under shallow crustal conditions, rocks are also likely 
to experience brittle deformation (as described in section 2.2), which will lead to the 
formation of localised deformation bands, faults and fault gouge. The associated process of 
cataclasis that occurs during brittle faulting causes an overall decrease in grain size along a 
fault zone. This leads to an increase in the reactive surface area to mass ratio, causing an 
increase in potential kinetic reactivity along a fault zone. The comminuted material will 
therefore be more susceptible to dissolution and precipitation associated with physico-
chemical deformation than the surrounding reactive material. Previous studies into the 
influence of physico-chemical processes on fault zone and gouge diagenesis are therefore 
discussed in the next section. 
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2.5.2 Physico-Chemical Diagenesis in Gouge Rich Fault Zones. 
Physico-chemical studies of fluid interaction with fault zones have been driven by the 
need to elucidate fault strengthening processes in an earthquake cycle (for example, Wintsch 
et al., 1993; Evans and Chester, 1993, 1995; Kamer et at., 1997 and Olsen et at., 1998) and to 
understand fault sealing in hydrocarbon reservoirs (Ngwenya et al. 2000, and Fisher et at., 
1998, 2000). Both of these sets of studies involve a combination of observations of natural 
systems (Evans and Chester, 1993, 1995 and Fisher et al. 1998, 2000) and experimental 
studies of fluid interaction with artificial fault zones and fault gouges (for example, Kamer et 
al., 1997; Olsen et al., 1998 and Ngwenya et al., 2000). 
Evans and Chester (1993, 1995) made a number of optical and scanning electron 
microscope (SEM) observations, combined with whole rock geochemical analyses on rocks 
of the San Gabriel Fault, part of the San Andreas system. The main lithologies affected by 
the fault are crystalline, including granites and granodiorites, some of which have been 
reduced to fault gouge through cataclastic processes. These studies found that the early 
physical, cataclastic processes along the fault produced highly reactive fine-grained fault 
gouge powders, which were susceptible to chemical dissolution. Dissolution of this material 
(primarily silica), and subsequent removal in solution from the rock created a depletion of 
silica, and an enrichment of immobile phases along the fault zone relative to the surrounding 
rock. Removal of silica, particularly from feldspar grains, led to the precipitation of clays 
along the fault zone, which caused a decrease in porosity and permeability. This observation 
is consistent with the whole rock studies of, for example, Bazin and Labrid (1989); Elphick 
et at. (1996) and Holdren and Bemer, (1991). Pore fluid pressure subsequently increased 
during fault-normal compaction of the gouge because pore fluids were unable to flow along 
the fault. The replacement of feldspars by weaker clays also reduced fault strength compared 
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to the host rock, playing a part in the long-term weakening of the fault. Long-term weakening 
(relative to the country rock) by diffusive mass transfer creep within the fault gouge was also 
thought to be significant (Evans and Chester 1993, 1995). 
SEM studies of quartzitic sandstones from deformed North Sea reservoir rocks found that 
the petrophysical properties of the rocks (porosity and permeability) were reduced by 
enhanced post-deformation diffusive mass transfer (Figure 2.4.1) and mesocrystalline quartz 
cementation (Figure 2.2.2), Fisher et al. (1998, 2000). Both of these physico-chemical 
processes occurred only at temperatures above 90°C. Diffusive mass transfer was only found 
to occur at grain boundaries where clay was present, as discussed above in section 2.4.1. 
Mesocrystalline cementation was found to occur preferentially between fragments of detrital 
quartz. Fisher et al. (1998, 2000) suggested that this was because the fractured surfaces of the 
grain fragments provided kinetically favourable sites for cementation, due to their high 
surface areas. 
Most fault driven experimental studies carried out to date have been designed to elucidate 
the healing processes active during earthquake cycles at elevated temperatures (greater than 
—150°C) (for example, Kamer et al., 1997; Olsen et al., 1998). These experiments simulated 
seismic cycles by utilising hold-slide or slide-hold-slide experiments, similar to those 
described in section 2.2.3, using lithologies of either pure quartzitic powder (Kamer, 1997) 
or a 90%:10% mix of feldspar and quartz respectively (Olsen et al., 1998). Both sets of 
experiments involved water saturating the powders and placing them under temperatures and 
triaxial pressures representative of mid-crustal conditions. The experiments found the same 
general conclusions, with temperature proving to be the main driving force of porosity loss, 
and by implication, permeability reduction sealing during hold periods in an experiment. The 
greater the temperature, the greater the amount of healing, defined as strength recovery in the 
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gouge, due to enhanced dissolution-precipitation kinetics leading to cementation at higher 
temperatures. Sealing mechanisms were attributed to the precipitation of secondary mineral 
phases. These generally took the form of clays, and originated from feldspar dissolution and 
re-precipitation. Gouge healing was attributed to the cementation of grains as minerals 
precipitated around grain contacts. Some time-dependent healing was also noted. This was 
thought to arise due to a combination of mechanical grain compaction and thermally induced 
solution transfer. These mechanisms are similar to those inferred for burial diagenesis. 
Ngwenya et al. (2000) conducted a series of triaxial experiments that mimicked sandstone 
deformation under shallow to mid-crustal burial conditions. Here, cores of Clashach 
sandstone were deformed in a study designed to understand the effects of strain on rock 
deformation and pore fluid chemistry. Strain rates were directly correlated to deformation 
using on-line HPLC analysis of pore fluids throughout the experiment. Initial dynamic failure 
of the core led to an increase in overall solubility of the rock. The increased solubility was 
related to fault gouge production during failure. The gouge contained a large number of fine 
and ultra-fine particles and therefore high dissolution potential compared to the host rock 
(outlined in section 2.3). Rock solubility was found to increase by 2 orders of magnitude 
compared to the host rock, during dynamic failure. The formation of fault gouge is said to 
represent the first stage of diagenetic (physico-chemical) sealing capacity of a fault. This is 
because the associated grain comminution acts to reduce the mean particle size and hence 
drive localised pressure solution (Rutter, 1983). Post deformation frictional sliding was also 
shown to increase solubility relative to the host rock, but to a much lesser degree than the 
dynamic failure event. Ngwenya et al. (2000) explained this solubility variation by 
suggesting that different mechanisms may be responsible for each response. Following the 
determination of grain solubilities of the gouge (based on work by Dove and Rimstidt, 1995 
and Elias and Hajash, 1992), Ngwenya et al. (2000) concluded that Ostwald ripening may be 
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responsible for some of the early increases in grain solubility, but that pressure solution was 
the dominant process influencing the relative solubilities of fault gouge and host rock. It was 
also concluded that while physico-chemical diagenetic processes could account for 2-3 orders 
of magnitude permeability drop between host rock and fault zone, a combination of 
diagenetic and physical processes, such as mechanical compaction, may lead to a 5-6 order of 
magnitude permeability loss in a natural fault zone, similar to those observed by Antonellini 
and Aydin (1994) in naturally exposed cataclastic deformation bands. 
Physico-chemical mechanisms of fault healing and sealing are, therefore, primarily 
controlled by temperature, gouge composition, and the particle size distribution. The main 
processes that lead to time-dependent fault healing are mineral dissolution-precipitation 
cementation and diffusive mass transfer driven compaction. This suggests that a detailed 
understanding of the chemical kinetic reaction rates of a rock and its associated deformation 
features is vital towards understanding fault sealing mechanisms. However, the experiments 
of Ngwenya et al. (2000) were carried out under flow-through conditions, which inhibited 
mineral precipitation. In this thesis I will examine the same process under static-flow 
conditions to elucidate this problem further. 
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2.6 Summary and Context for Present Work. 
Three main mechanisms of fault sealing have been identified, purely physical, purely 
chemical and more commonly a combination of both, physico-chemical. Physical processes 
include fault juxtaposition, pore throat plugging by clays and fine particles, and cataclasis. 
Chemical processes include cementation and clay swelling. Physico-chemical processes 
include pressure solution, Ostwald ripening and chemically-enhanced compaction. 
It is likely that all three of these mechanisms are intrinsically linked, rather than acting 
independently of each other. The dominance of each mechanism at a particular time will 
depend on the rate of deformation, the pressures and temperatures acting on a system, and the 
particle size distribution. For example, a rapid deformation rate under shallow crustal 
conditions is likely to produce a brittle deformation response, such as a failure. Slower 
deformation rates at shallow to mid-crustal environments, particularly in the presence of 
reactive pore fluids, are more likely to yield physico-chemical deformation responses 
including the chemical compaction of the system. 
A number of observational and experimental studies have been carried out on both natural 
rocks and faults from hydrocarbon reservoirs (e.g. Fisher et al. 1998, 1999, 2000); and 
artificial rocks, fault zones and gouges (e.g. Mair et al., 2000; Ngwenya et al., 1993, 1995, 
2000; and Olsen et al., 1998), with the aim of determining the processes and rates of 
diagenesis and sealing in rocks and fault zones. The main findings of this work were that 
physico-chemical processes depend primarily on temperature and particle size, which is 
consistent with the chemical kinetics of particulate silicate minerals and their effect on the 
dissolution and precipitation rates of a system. In particular, finer grained materials tend to 
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have higher specific surface areas than coarser materials, making them more susceptible to 
dissolution through kinetically driven reactions. 
A further illustration of the influence of pressure, temperature and particle size distribution 
on the dissolution rates of silicates (particularly quartz) can be seen by comparing the work 
of Wood and Walther (1983), and Brady and Walther (1989); with that of Tenthorey et al 
(1998), and Aharonov et al. (1998). The former two papers show that quartz dissolves in 
water at rates of 106  to 10 4molcm 2s under atmospheric pressure, and over a temperature 
range of 25-150°C. The latter two publications, however, show that quartz dissolves at a rate 
of 10 7mo1s' (approximately 101  to 10 10molcm 2s') at 50MPa differential pressure, and 
175°C. The difference in rates appears to be related to the applied pressures used in each 
experiment, and the physical properties of the materials used. For example, Wood and 
Walther (1983) studied the dissolution of a relatively smooth faced single quartz crystal at 
0.1MPa pressure, while Tenthorey et al. (1998) and Aharonov et al. (1998) studied the 
reactivity of a mixed grain size (210-500p.m) fraction of quartz powder at higher applied 
pressures (up to 50MPa). 
The influence of particle size distribution in quartz powders (gouge here), pressure, and 
temperature on quartz reaction rates have been tested in this thesis by running a number of 
experimental suites under different pressure and temperature regimes (summarised in Table 
2.2 and presented in Chapters 3 to 6); using a range of particle size distributions. The 
findings of these experiments are presented in Chapters 3 to 5 and discussed in Chapter 6. 
A number of other factors were also found to influence the rates of diagenetic processes, 
including; 
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. the amount of effective pressure applied to a sample has been shown to influence rates of 
dissolution of a substance, particularly in relation to pressure solution processes. The 
greater the applied effective pressure (and therefore the normal stress) the greater the rate of 
compaction and pressure solution; 
• the composition of pore fluids is also important to reaction rates. The presence of salts in a 
pore fluid increases silicate solubility. For example, silicates will dissolve preferentially in 
fluids containing NaCl rather than pure distilled water. KC1 has an even greater solubility 
effect; 
• the duration of deformation is also an important factor that influences healing. For 
example, during hold-slide experiments, the length of time a sample is held under constant 
stress will influence the amount of strengthening within the sample. The longer a sample is 
held for, the greater the healing effect. 
The previous studies outlined above have determined the effects of petrophysical and 
environmental conditions on the rates of healing and sealing of rocks and fault zones. Most 
of these studies have, however, considered the influence of only one or two factors on 
reactivity at any one time. For example, Olsen et al. (1998) conducted wet shear experiments 
on quartzitic powders, concentrating on temperature effects and permeability change over 
time, conducting chemical analyses only on post-experimental fluids; while Marone and 
Scholz (1989) used dry powders to study the influence of pressure on the petrophysical 
properties of samples at room temperature and 1 OOMPa overburden pressure. 
The environmental conditions that were simulated in previous work tended to concentrate 
on extremes of pressure and temperature, generally modelling surface weathering or mid- to 
deep-crustal hydrothermal systems. Relatively little work has been conducted so far at 
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shallow- to mid-crustal conditions, because until now it has been difficult to measure slow 
chemical changes at low temperatures. Often, environmental conditions used were 
unrepresentative of a natural system. For example, Mair et al. (2000) ran experiments at 
shallow crustal pressures of 34MPa, and at room temperature. Such tests however, provide 
an important control for the tests carried out in Chapters 3, 4, and 5 of this thesis 
The experimental work presented in Chapters 3, 4, and 5 follows on from the studies of 
Elphick et al., (1996); Main et al., (1994) and Ngwenya et al., (1993, 1995) by running 
experiments designed to study the reactivity of artificial fault gouge in a shallow crustal 
environment. The experiments are designed to elucidate the effects of pressure, temperature, 
and gouge particle size on the permeability, porosity, pore fluid chemistry and compaction of 
cataclastic fault gouge over time. The experiments were divided into 3 separate suites, each 
designed to follow on from the next, while maintaining an element of experimental control. 
This control allowed the direct comparison of results from each suite, and generally involved 
changing only one parameter per experiment (e.g. Pressure; temperature). This technique also 
allowed the determination of the influence of different pressures, temperatures and gouge 
particle sizes on the chemical reactivity, sample compaction and permeability evolution of 
fault gouge over time. The experimental conditions and gouge properties of each of these 
suites are summarised in Table 2.2. 
• The first suite was a set of standard batch experiments (BT), which ran at atmospheric 
pressure (0.1MPa), over a range of temperatures (25 to 90°C), using a range of gouge 
samples with different particle size distributions (summarised in Table 2.2, and described in 
Chapter 3). 
• The second suite of experiments introduced a pressure element to the study, enabling the 
elucidation of the influence of hydrostatic (H) pressure on gouge reactivity. Here, the 
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sample was placed under conditions where 123 (ax being the principal stresses), and 
pore fluid pressure (Pp) equals cr 1 , creating true hydrostatic conditions. In other words, the 
sample was a floating powder with no grain contact loading or shear. The experiments all 
ran at 120°C, under equal confining (or axial) and pore fluid pressures of 6.9MPa. The only 
experimental variable was gouge particle size distribution, which is summarised (with all 
other experimental conditions) in Table 2.2. 
• The final suite of experiments ran under non-hydrostatic (NH) conditions. Here, 
cY i > r2 cY3?P, such that grain contacts became stressed, and grains had the potential to shear 
against each other. The experiments were run over a range of pressures (using Pc's between 
20.7 and 34.5MPa, and Pp's of 6.9MPa); temperatures (90 to 120 °C); and gouge particle 
size distributions (bulk; 75-125jim; 180-2101Lm; and 300-425jim). The experiments also 
measured the evolving sample permeability and axial compaction throughout each run. 
All of the experimental suites used a distilled water pore fluid/solvent, and underwent 
chemical analysis of these pore fluids (using HPLC techniques), throughout the length of 
each test. This data, combined with the permeability and compaction studies of the NH suite 
of tests, provides the first major study of chemical kinetic reaction rates of gouge rich fault 
zones over time at controlled temperature and fault-normal stress. 
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Table 2.1 - Table of values used to calculate dissolution and precipitation rate 
constants, using equation 2.10. 
a b C Eact (H mold ) 
Quartz 1.174 -0.00203 -4158 67.4-76.6 
Amorphous silica -0.369 -0.00079 -3438 60.9-64.9 
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Table 2.2: Summary of all experiments and experimental suites conducted towards this thesis. Note that Bulk refers to raw gouge material; Fine 














BT1  Bulk 0.1MPa - 25 
BT2  Bulk 0.1MPa - 50 
BT3  Bulk 0.1MPa - 90 
BT4  Fine 0.1MPa - 25 
BT5  Fine 0.1MPa - 50 
BT6  Fine 0.1MPa - 90 
BT7  Medium 0.1MPa - 25 
BT8  Medium 0.1MPa - 50 
BT9  Medium 0.1MPa - 90 
BT10  Coarse 0.1MPa - 25 
BT11  Coarse 0.1MPa - 50 
BT12  Coarse 0.1MPa - 90 
Hl RR3, Cell  Bulk 6.9MPa 6.9MPa 120 
H2 RR4, Cell 2 Clean Bulk 6.9MPa 6.9MPa 120 
H3 RR8, Cell 2 Coarse 6.9MPa 6.9MPa 120 
H4 RR9, Cell 2 Fine 6.9MPa 6.9MPa 120 
H5 RR10, Cell 2 Medium 6.9MPa 6.9MPa 120 
NH1 RR2 Bulk 20.7MPa 6.9MPa 90 
NH2 RR3, Cell 1 Bulk 20.7MPa 6.9MPa 120 
NH3 RR4, Cell 1 Bulk 34.5MPa 6.9MPa 120 
NH4 Cell 1 Fine 20.7MPa 6.9MPa 120 
NI-15 Cell 1 Coarse 20.7MPa 6.9MPa 120 
N116 Cell 1 Medium 	- 20.7MPa 6.9MPa 120 
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Figure 2.1: Development of physical deformation features in sandstones. (a) Deformation 
bands in Triassic sandstone, Wirral, Merseyside (lens cap is 5.5cm wide); (b) optical 
microscope view of a deformation band (after Fowles and Burley, 1994). Notice how particle 
sizes decrease across the deformation band (B) relative to the host rock (A). The band is 
approximately 1mm wide; (c) a zone of deformation bands; (d) a slip surface; (e) a model for 
the evolution of deformation features, from deformation bands (i), to zones of bands (ii and 
iii), and slip surfaces (iv). after Aydin and Johnson, 1983. 
--4- - 
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Figure 2.1 (Continued) 
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(iii) 	 (iv) 
Figure 2.1 (Continued) 
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Figure 2.2.1: A schematic illustration of the 	 01 LL1L Ijiic wd Uc 
bands through cataclasis and grain rotation in sandstones (after Lloyd and Knipe, 1992) 





Figure 2.2.2: Cathode-luminescence (CL) image shoing authigenic cementation of' fractures in 
quartz grains. The cement is silica (quartz), and is outlined by the black arrows (after Fisher and 
Knipe, 1998). 
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Figure 2.2.3: A geometric fragmentation law for self-similar gouge of cubic particles (after 
Sammis et al, 1986). The particle distribution is a power law with an exponent D=2.58, 








Figure 2.2.4: An idealised creep curve for rock showing the strain rate as a function of time 
under constant loading conditions (after Scholz, 1968). 
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Figure 2.3: Schematic illustration of the dissolution of silica in (a) deionised water and (b) 
an electrolyte-bearing solution, with Na ions as an example (after Dove and Crerar, 1990). 
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Figure 2.3.2b: An example of a gouge paiie1e that has been cleaned ultra sonically in 
methanol. Notice the absence of most of the ultra-fine particles. 
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Figure 2.3.3: A schematic illustration of the free energy maximum through which reactants 
must pass to become products. The reaction rate depends exponentially on the height ol' the 
hin'c ' 
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Fig u 	2..4 	 [NI) 11 aes of die ul 1 01 	-AL LIiC 	r; cd 
on the surfaces of feldspar grains (field of view is typically 10m), (after Berner and 
1-loldren, 1979). (a) Chattermarks in microcline feldspar; (b) dissolution pits in albite; (c) 
further developed pits, prismatic etch pits and diagonal fracture formation. Note that the 
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Figure 2.3.5: SEM image of jumbo etch pits, formed during dissolution of the surface of a quartz 



























Figure 2.3.6: Plot illustrating the solubility of quartz as a function of temperature and pressure (after Dove and 
Rimstidt, 1994). Note that the temperature sensitivity is much greater at elevated pressure. 
1 	2 3 4 5 6 7 8 9 10 11 
pH 
Figure 2.3.7: Dissolution rates ofalbite as a function of pH at 100°C (after Hellmann, 1993). 
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Figure 2.3.8: The influence of ionic concentrations of solvents on quartz dissolution at 25°C (after Dove, 
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Figure 2.3.9: Dissolved silica versus time plots from the feldspar dissolution experiments of Hoidren and 
Berner (1984). Particle sizes are given in mesh size, with <400 being the smallest mesh size, and 30-50 the 
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Figure 2.4.1 	 d by compaction and 
pressure solution in sandstone (scale bar is 100m). Qtz marks quartz grains; 0 marks 





Figure 2.4.2: SEM image of an undetbmied mica grain (M) penetrating quartz grains (Q) in 
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Time 
Figure 2.4.3: Plot showing a sequence of consecutive elementary reactions for reactants [A]; 
intermediates [I]; and products [P]. As [A]/[A]o decays, [P]/[A]o is produced, with a 
resultant "intermediate" curve ([I]/[A]o) developing as the two reactions compete against 
each other (after Atkins, 1995). 
M.A.Kay 	Physico- Chemical Mechanisms of Fault Sealing:An Experimental Study. 
CHAPTER 3: An Experimental Study into the Reactivity of Artificial 
Fault Gouge using the Standard Batch Test. 
3.1 Rationale 
This chapter details the base set of "batch" experiments conducted for this research 
project. In these experiments the solution properties of a selected artificial fault gouge and its 
components are examined at 0.1 MPa pressure in distilled water, at several temperatures. The 
chapter begins by describing the properties and methods of production of the artificial gouges 
used in this thesis. Batch test theory and methodology are then examined. The chapter ends 
by describing the data reduction methods used to treat the experimental data, with a summary 
of the batch test results. 
3.2 Sample Generation and Gouge Properties 
3.2.1 Description of the "Parent" Rock 
The rock used to make the artificial fault gouge used in this study was Clashach (or 
Hopeman) sandstone. This is described by Ngwenya et al. (1995) as being "a pale grey-
yellow, well sorted, medium- to coarse-grained (0.5 to 1mm) sub-arkosic arenite. The 
sandstone consists, on average, of 90% quartz and 10% potassium-feldspar, with trace 
amounts of illite associated with altered feldspars. Some thin sections show traces of ferroan 
dolomite, and kaolinite has also been as a breakdown product of potassium-feldspar." This 
sandstone is a UK standard, used as a building stone, and as an analogue material for some 
North Sea Oil reservoir rocks. The sealing properties of this material are therefore of 
practical as well as scientific interest. This particular rock was chosen for use for a number of 
reasons. First, the mineralogy of the Clashach sandstone provides a simple chemistry system 
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of almost pure silicate. This allows a simple study of fluid chemistry and silicate reactivity. 
Second, the reactivity of "whole-rock" Clashach sandstone has been well documented by 
Elphick et al. (1992, 1996); Ngwenya et al. (1993, 1995); Main et al. (1994, 1996). This 
allowed the direct comparison of gouge reactivity to rock reactivity, enabling the study of the 
influences of grain crushing and physico-chemical processes on a rock, within its' fault zone 
under shallow crustal conditions. 
3.2.2 Gouge Production, Physical Properties and "Cleaning" Methods 
3.2.2.1 Gouge Production 
The artificial fault gouge studied in this thesis was produced by crushing blocks of 
Clashach sandstone in a mechanical jaw crusher, then grinding the fragments down to a 
powder (or gouge) in a tungsten carbide oscillating grinder. Half of the powder was kept as a 
"bulk" powder, to be used for studying the reactivity of the gouge as a whole. The remaining 
powder was mechanically sieved to standard sieve fractions of 425-300j.im; 300-250pm; 250-
212pm; 212-180jtm; 180-150pm; 150-125pm; 125-75prn and <75p.m. 
The gouge was fractionated in this way to help develop an understanding of how the 
constituent parts of the gouge work or react. By dissecting the gouge in this way, a fuller 
understanding of how the gouge reacts as a whole could be developed. 
3.2.2.2 Physical Properties of the Gouge. 
Once the gouge had been produced, an initial particle size distribution analysis was made 
using a Coulter LS 100 analyser, (Figure 3.1). A more complete description of this now-
standard method can be found in Appendix 1. Accurate particle size distribution values were 
required to enable the "realism" of the artificial gouge produced (in terms of particle size 
distribution trends), relative to natural systems. 
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Particle size distribution data plots of the artificial fault gouge, illustrated in Figure 3.1, are 
presented as both volume (Np) and number (N i) versus particle size fraction (I,). The slope of 
the former plot shows a mixed log-normal trend. This is described by Sammis et al. (1986, 
1987) as being typical of a natural fault gouge produced from a porous sandstone protolith. 
This partially scale independent trend is thought to develop because of the disruption of 
fracture behaviour by porosity. The slope of the second plot (N i versus particle size) shows 
that the bulk gouge has a fractal particle size distribution, with a fractal dimension (D) of 
2.46. The value is very close to the value of 2.6, quoted by Sammis et al. (1986, 1987) as 
being representative of a natural quartz gouge. Thus the gouge used in this study is indeed 
representative of that generated in a natural fault system, building on previous work that used 
more ideal silicate particles, as summarised in Chapter 2. Sammis et al. (1987) showed that 
particles with D values of 2 or more had a dominance of fine particles in relation to the total 
area of particles in the sample (see Chapter 2). The dominance of fine particles has important 
implications for fault sealing, as finer particles have higher total and specific surface 
energies, making them susceptible to rapid dissolution. Large scale precipitation of silica as 
coarser grains may result due to the influence of Ostwald ripening processes on the system. 
This is likely to result in the sealing of a sample or fault zone. Sammis et al. (1987) also 
showed that a considerable amount of ultra-fine particles (generally : ~5j.tm) remained 
attached to the sieved fractions, despite the sieving process. Figure 2.3.2 illustrates this 
problem, in a scanning electron microscope (SEM) image. The small particles stuck 
electrostatically to the large ones. The ultra-fines had a very high surface area, due to their 
small size. As they were clinging to the surface of larger grains (as illustrated in Figure 
2.3.1), they gave these grains an apparently higher surface area. Surface area is an important 
parameter required in the calculation of grain reactivity, as discussed later in this chapter. 
The presence of these particles will therefore yield an apparently higher reactivity for the 
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large size fractions than would be expected, at least until the more reactive ones were 
dissolved away. Surface area anomalies would also make the normalisation of any rate data 
(from different experiments) difficult, meaning that rate data could not be compared "cross-
experiment". In this thesis, an essential practical detail was that the gouge fractions were 
"cleaned" to remove these ultra-fine particles (fines), enabling the true reactivity of the 
fractionated powders to be measured. 
3.2.2.3 Cleaning the Gouge 
In previous experimental studies designed to determine the chemical reaction rates of 
powders, the anomalous ultra-fine particles (described above) have been removed in a 
number of ways. These methods are summarised below, along with the influence of each 
method on the overall gouge properties. 
Hoidren and Speyer (1985) remedied the fines problem by water washing the samples 
prior to experimenting, while Holdren and Berner (1979); Lasaga (1981 and 1984) and 
Rimstidt and Barnes (1980) placed their powders into a solution of hydrofluoric- (HF) and 
either nitric- (HNO 3) or sulphuric- (H2SO4) acid in an attempt to dissolve the ultra-fine 
particles. The samples were then washed in water to remove any further fines or volatile 
chemicals. Both of these methods are, however, unsuitable for this study. Water washing, 
although removing the ultra-fines, would also prematurely begin the gouge-water interaction 
being studied here. The use of a HF/HNO 3 solution would not only remove the unwanted 
particles, but would also dissolve any surface inhomogeneities that are typical of a natural 
fault gouge, as well as dissolving reactive areas such as the cores of dislocations. 
The gouge used in this study was cleaned using a similar method to that employed by 
Holdren and Berner, (1979). It involved the washing of the powder in methanol (a 
hydrophobic fluid), in an ultrasonic bath (note that Holdren and Berner used acetone). The 
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vibration in this bath caused the ultra-fine particles to lift from the larger grains. As they sat 
in suspension, the methanol was decanted from the gouge through a sieve of equal mesh size 
to the lower particle size of that particular fraction. This process was repeated (on average 
seven times) until the methanol remained clear during ultrasonic excitation. 
The gouge cleaning technique proved to be successful, removing most (approximately 75-
85%) of the unwanted ultra-fines. This is well illustrated in Figure 2.3.2b, showing an SEM 
image of a "cleaned" grain of gouge. Though the overall particle size distribution did not 
change significantly from that shown in Figure 3. 1, the surface area values were seen to 
decrease significantly. This is important because it shows that cleaning the gouge removes 
unwanted ultra-fine particles while leaving the grains of interest in tact. 
Table 3.1 lists the surface areas for both bulk and fractionated gouges before and after 
cleaning. Surface area values were determined using a single point BET (Brunauer, Emmett 
and Teller) gas adsorption process that is described in detail in Appendix 2. Once a reliable 
gouge with known surface areas had been produced, experimental work towards the 
understanding of gouge reactivity began. 
3.3 Batch Test Methodology and Analytical Techniques. 
3.3.1 Methodology. 
The methodology used in these experiments was the same as in the batch-type 
experiments carried out by Holdren and Speyer (1985 and 1987) to study the reaction 
kinetics of feldspar-water interactions with respect to modelling weathering processes. The 
procedure consisted of six main stages; 
1) Approximately 1 gram (±0.01g) gouge was added to 1 OOml (± 1 ml) distilled water in a 
sample vessel. These vessels were made of Teflon (PTFE), to prevent the uptake of any 
externally-sourced silica into the system. 
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Reaction vessels were placed in a rocking water bath (held at a constant temperature, 
±2°C) and agitated at 150 to 200 cycles per minute, throughout the experiment. 
Samples from each vessel were collected firstly every 8 to 10 hours for the first 24 hours, 
and then at increasing time intervals for the remainder of the run (up to 500 hours). While 
sampling occurred, the rocking was stopped and the samples allowed to settle for 10 
minutes. After this, 5m1 of fluid was taken from each vessel and filtered through a 0.2p.m 
membrane filter, to remove any fines from the liquid. 
lml of the sample was used to wet the above filter, the remainder was split in two. Half 
was set aside for anion analysis (primarily silicate), with the other half being acidified with 
HNO3 to preserve it for later cation analysis. 
5ml of fresh distilled water was added to each sample vessel to "top up" the volumes. (The 
dilution factor involved with this method, and its correction, are discussed in section 3.4.1), 
The vessels were then placed back into the bath and rocking re-commenced. 
All samples were analysed for dissolved silicate concentrations, using High Performance 
Liquid Chromatography methods (described in Appendix 3). 
A number of samples were made up in this way. They consisted of bulk gouge (BT1-3) 
and 425-300p.m (BTIO-12); 212-180p.m (BT7-9) and 125-75tm (BT4-6) gouge fractions 
(see Table 2.2). This allowed the study of both whole rock reactivity and the reactivity of two 
extreme (or end point) and one middle size fraction, providing an insight into the way each 
fraction influences the "whole rock" reactivity. 
As well as size fraction, reaction temperatures were also varied, while keeping all other 
variables constant, with experiments run at 25 °C; 50°C; and 90°C (Table 2.2 summarises the 
conditions of each of the batch experiments). Above this temperature, sample vessels began 
to leak as they expanded due to the high temperatures. This made experimenting at higher 
temperatures difficult. The use of a range of temperatures enabled a study into both the 
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influence of different temperatures on reactivity, and the forward projection of reactivities 
(and activation energies) by using Arrhenius plots and the Arrhenius equation (described in 
section 3.4). This allowed the direct comparison of reaction kinetics determined from the 
batch test data against higher pressure test data (Chapters 4, 5 and 6). The fault gouge 
reactivities for each of the batch tests (and in all subsequent experiments presented in this 
thesis) were determined through the linear regression of the dissolved silica data, measured 
by regularly analysing pore fluid chemistries over time, using HPLC techniques. In essence 
this method relies on measuring the relative adsorption/desorption rates of chemical species 
in an analytical column. Its essential advantages for the present study are that it is a rapid, 
real-time analytical technique requiring only microlitre volume samples. The HPLC 
analytical method is described in detail in Appendix 3. 
3.4 Data Reduction. 
The data gathered directly from the .HPLC analyses is in a raw form, and does not account 
for the dilution effect during sampling. A correction must therefore be applied to the values 
obtained directly from the HPLC software, before accurate concentration versus time plots 
can be drawn. This correction factor is now described in section 3.4.1. 
3.4.1 Applying a Dilution Correction to HPLC Data. 
To calculate the true or real concentration of dissolved silica (CR) from raw HPLC data, 
the measured concentration (for example, Cr0, C,+j) must be corrected for dilution that occurs 
during sampling. The dilution effect can be described by; 
= C10  *Vs/Vd, 	 (3.2a) 
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where C10 is the last known "real" concentration; Cs is the concentration of C after dilution; 
V is the volume after sampling and Vd is the volume after dilution back to the original "pre-
sampling" volume. Cs can be calculated in this example because C10 represents the first 
measured concentration, which is undiluted. This example continues by trying to calculate 
the "real" concentration (CR) of the next sample taken, C1+1 as illustrated in Figure 3.4.1. 
There are two steps involved in this process; the first involves the application of the dilution 
co-efficient (Cs) to the new samples concentration (C1+i); 
dC1+ = C,+1 - C, 	 (3.2b) 
where dC1 + is the concentration correction factor; C1 +1 is the concentration at time t+1; and 
Cs is the concentration of the dilution co-efficient. The final stage involves the addition of 
this correction factor to the last "real" value; 
CR = Co + dC1+, 	 (3.2c) 
Once the correction factor had been applied to the silica concentration data, it was 
manipulated in a number of ways. The first method involved plotting graphs of dissolved 
silica concentration versus time. This allowed the determination of dissolution rates as a 
function of temperature and size fraction. Figure 3.4 shows an example illustration of a 
dissolved concentration versus time plot. The curve begins as a steep, exponential transient 
for approximately the first 30 hours of a run. This is thought to occur due to the rapid 
dissolution of dislocation points and surface inhomogeneities, as well as the remaining ultra-
fine particles found on grain surfaces (Holdren and Berner, 1979; Lasaga 1981, 1984). The 
remainder of the curve shows a linear slope, whose value is representative of the reaction rate 
for the grain fraction being studied. 
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3.4.2 Calculation of Reaction Rates. 
Reaction rates (rates of dissolution in the case of batch test data) were calculated from 
dissolved silica concentration versus time plots, drawn using the corrected concentration 
data. The linear slope of a concentration versus time plot gives the general rate of dissolution, 
in parts per million (or milligrams per litre) per hour. This value is ultimately converted to 
molcm 2s, to fit with conventional expressions of rate. This is done firstly by converting the 
HPLC data from HSiO 3 to Si02 , and then by normalising the rate to surface area, which was 
determined by BET methods. 
3.4.3 Influence of System Variables on Reaction Rates. 
Rate data gained from batch tests allowed the study of the influence of a number of 
variables on dissolution rates. In the case of batch testing, both the influence of temperature 
and of gouge particle size can be determined by changing one of these variables per run. 
Here, a number of temperatures were used (25 °C; 50°C and 90°C) and a range of gouge 
fractions ("raw" Bulk; "clean" bulk; "small" (75-125.tm); "medium" (180-212j.tm) and 
"large" (300-425j.tm)). 
3.4.4 Extrapolation of Experimental Data to Higher Temperatures. 
Data from the different temperature runs were used in the forward prediction of rate 
constants of reactions at higher (and lower) temperatures than those run experimentally. This 
is particularly useful when experimental conditions do not allow work at higher (or lower) 
temperature conditions, but where comparisons to these conditions are required. For 
example, current batch tests can only yield data up to 90 °C, as above these temperatures the 
bottles used begin to expand and warp causing sample fluid to leak out. However, faults 
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occur at large depths, particularly in seismogenic zones, where temperatures higher than 
90°C prevail. To allow extrapolation to higher temperatures, data from these tests were 
analysed using the Arrhenius equation (2.7). Here, existing rate values were either 
extrapolated to the required temperature on an Arrhenius plot (Figure 3.4.2). This 
extrapolation may also be represented mathematically by combining two Arrhenius 
equations, each representing a test run at different temperatures, as follows (note that the 
dissolution rate for one of these tests must be known); 
1nk1 = MA - Ea/RT1, 	 (3.3a) 
we also have an equation that represents a reaction at temperature T 2 ; 
ink2 = mA - Ea/RT2, 	 (3.3b) 
by subtracting (3.3a from 3.3b), we see that; 
ln(k2/kj) = Ea/RT2 - (Ea/RTi), 	(3.3c) 
simplifying, we see; 
in(k2/kj) = Ea/R (1/Ti - 1IT2), 	(3.3d) 
where k is the rate constant; A is a constant (the pre-exponential factor); E a is the activation 
energy (generally 67.4 to 76.6 kJmoi' for silica dissolution in distilled water (Rimstidt and 
Barnes, 1980)); R is the gas constant and T is the absolute temperature (Kelvin). This 
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manipulation allows the determination of the rate constant of a reaction at a higher (or lower) 
temperature than is experimentally measurable. Values may simply be calculated (as above) 
and compared against each other, as is the case between batch tests and pressure tests 
described here. 
3.5 Results 
The data collected from the batch tests described in sections 3.1 to 3.4 are presented 
below. The main data, which represents the evolution of dissolved silica concentration over 
time, show a distinct two-phase curve, as illustrated by Figures 3.5.1 and 3.5.2. Here, an early 
exponential dissolution curve was seen to lead into a later linear curve. Hoidren and Berner, 
(1979) and Lasaga, (1981), suggested that this early trend was due to the rapid dissolution of 
ultra-fine particles present on larger grain surfaces. The significance of these curves, and 
their shape, is discussed further in Chapter 6. The curves also showed that the reaction rates 
of artificial quartz rich fault gouge with distilled water were strongly influenced by two 
physical parameters. The first is illustrated in Figure 3.5.1, where the particle size of samples 
had a positive influence on silica dissolution rates at all temperatures. 
For example, the fastest overall dissolution rate was shown by the bulk gouge sample 
(2.46x10' molcm 2s' at 900C), followed by the finest individual gouge fraction (75-125jtm) 
(2.04x 102  molcm 2s at 900C). The remaining individual size fractions (180-21 2j.tm and 
300-425p.m respectively) exhibited slower dissolution rates as particle size increased 
(1 .95x 10-1 2  and 2.46x10' 3 molcm 2s' respectively, both at 90 °C). The measured reaction 
rates of all of the batch tests are summarised in Table 3.2. 
The second is illustrated in Figure 3.5.2, where increasing experimental temperatures 
caused an increase in silica dissolution rates. Here it is seen that, in the lower temperature 
ranges (25 to 50°C) reaction rates were of a similar order (summarised in Table 3.2), while 
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the experiments run at 90°C produced considerably higher rates, typically 1 to 2 orders of 
magnitude greater than the lower temperature runs. The rates of reactions at 120°C were 
determined through the extrapolation of experimental data, using the Arrhenius equation 
(equation 3.4 in Chapter 3). These values are illustrated in Figure 3.5.3 and summarised in 
Table 3.2. 
3.6 Summary. 
Batch testing (similar to the work of Holdren and Speyer, 1984 and 1987) has been used 
to study the purely chemical dissolution rates, and thus reactivity, of artificial fault gouge in 
distilled water, over a range of temperatures (25-90°C), at 0.1 MPa pressure. The gouge was 
manufactured by mechanically grinding Clashach sandstone to form a disaggregated powder. 
A number of fractions of this gouge were used; "raw" bulk, cleaned bulk, fine, medium, and 
coarse. The powders were initially found to be coated with ultra-fine particles, which created 
problems for rate calculations because they altered the surface area of the larger gouge 
particles. These "fines" were removed by ultrasonically cleaning the gouge in methanol. This 
allowed the accurate study of the influence of both size fraction/particle size distribution and 
temperature on reaction rate. Rates were determined by plotting dissolved concentration 
(determined by HPLC analysis of reacting fluids) versus time. The slope of the linear portion 
of this plot gives the dissolution rate in ppm (or mg/I) per hour. The derived dissolution value 
was ultimately converted to molcm 2s', by utilising surface area values of the powder being 
used. 
The experimental work described in this chapter shows that a strong positive relationship 
exists between both sample particle size and the temperature of the experiment, and the 
dissolution rate of silica from artificial fault gouge. Plots of dissolved silica against time also 
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show that two stages of dissolution appear to occur. The first is an early, rapid exponential 
phase that evolves into a later, linear dissolution phase. 
To enable the study of a more realistic shallow crustal fault zone environment, higher 
pressures must be applied to the sample. For this reason, a number of experiments were 
conducted using applied pressures. The first set of pressure experiments were conducted with 
zero effective pressure ( j c 2 r3 Pp), with confining and pore fluid pressures being held 
constant at 6.9MPa. These experiments are described in Chapter 4, below. 
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Table 3.1 - Table of surface area values for all gouge fractions used in the experimental 
work. Both pre- and post- cleaning values are given. (Note: Surface area values are given in 
m2 per gram) 




Bulk 0.563 0.395 
75-125 0.604 0.461 
180-212 0.515 0.352 
300-425 0.35 0.296 
Table 3.2 - Table of dissolution rates of silica measured during the batch-type experiments 
described in Chapter 3. Values are given for all size fractions of artificial fault gouge, over 
a range of temperatures from 25 to 90°C (298-363 Kelvin). *note  that values are also given 
for 120°C (393 Kelvin). These were determined numerically by extrapolating the measured 
values, using the Arrhenius equation. Also note that the rates quoted are given in units of 
mol cm 2 S 1 . 
Experiment 
number 
Experimental Conditions Dissolution rate (molcm 2s 1 ) 
BT1 25°C; Bulk gouge; 0.1MPa 9.89E 13 
BT2 50°C; Bulk gouge; 0.1MPa 2.84E 12 
BT3 90°C; Bulk gouge; 0.1MPa 2.46E' 1 
BT4 25°C; 75-125prn gouge; 0.1MPa 8.43E' 3 
BT5 50°C; 75-125prn gouge; 0.1MPa 4.93E 13 
BT6 90°C; 75-125j.tm gouge; 0.1 MPa 2.04E 12 
BT7 25°C; 180-220.tm gouge; 0.1MPa 3.89E 3 
BT8 50°C; 180-220p.m gouge; 0.1MPa 4.15E 13 
BT9 90°C; 180-220jim gouge; 0.1MPa 1.95E 12 
BT1O 25°C; 300-425ji.m gouge; 0.1MPa 3.75E 13 
BT1 1 50°C; 300-425pm gouge; 0.1MPa 3.71E 13 
BT12 90°C; 300-4251im gouge; 0.1MPa 2.46E 13 
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Figure 3.1: Particle Size Distribution plot of the bulk artificial fault gouge used in these 
studies. The upper plot is of percentage weight volume of grains versus particle size; and 
the lower of Number of grains versus particle size. 
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Schematic Dissolution versus Time plot. 
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Figure 3.4: Schematic diagram of a dissolution (parts per million) versus time (hours) plot. 
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Schematic Arrhenius Plot of Ink versus lIT 
lIT (Kelvin) 
Figure 3.4.2: Schematic example of an Arrhenius plot. The solid line is a regression fit to the 
data using the reaction rate equation. The slope equals the Activation Energy (E a), divided 
by the gas constant R. 
Plot of Silicate dissolution over time for each batch test run at 25°C. 
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Figure 3.5.1: Plots of dissolved silica versus time from the batch-type experiments described 
in Chapter 3, illustrating how dissolution rate is dependent on the particle size of the 
reacting sample. Run numbers are summarised in Table 2.2. 
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Figure 3.5.1 (Continued) 
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Figure 3.5.2: Plots of dissolved silica versus time from the batch-type experiments 
described in Chapter 3, illustrating how dissolution rate is dependent on the temperature 
of the reacting system. Experimental conditions are summarised in Table 2.2. 
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Figure 3.5.3: Arrhenius plots of the reaction rates measured during the batch-type 
experiments of Chapter 3, for all gouge size fractions at temperatures ranging from 25 to 
90°C. Note that the diamond shaped points represent measured experimental rate values, 
with the square points representing extrapolated values at 120°C. The offset of the 75-
I 25j..tm data is discussed in the text. 
Artherius plot for 75-125 9m samples. 
Figure 3.5.3 
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Artheniis plot for 180-212 1m samples. 
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Figure 3.5.3 (Continued) 
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CHAPTER 4: An Experimental Study into the Reactivity of Artificial 
Fault Gouge at Elevated Pressure and Temperature. 
4.1 Rationale 
The batch tests detailed in the previous chapter examined the reactivity of fault gouge 
analogues at ambient pressure. The experiments discussed below examine the effect of an 
increase in pore fluid pressure and external confining pressure on reactivity. Pressure was the 
only variable that had not been studied in the batch tests, which were restricted to room 
pressure [1 atmosphere (14.7psi or 0.1MPa)] by the apparatus used. The use of a specially 
designed pressure cell (described in section 4.2) allowed the determination of the way in 
which pressure influences gouge chemistry and reaction rates, in comparison with the 
"control" set of 0.1 MPa batch tests. Any differences in reactivity were attributed uniquely to 
pressure effects. All hydrostatic pressure tests ran at 120 °C, under confining and pore fluid 
pressures of 6.9MPa. Under this stress regime, effective pressure (Pen=Pc-Pp) is equal to 
zero, thus the fault powder is effectively floating, with no stresses acting at grain contacts. 
All of the major stresses were, therefore, kept equal (c1Y2(T3=Pp), creating a "true" 
hydrostatic pressure test. The effect of a finite effective pressure (c1>c2=(y3 ~!Pp) is described 
by a suite of uniaxial, non-hydrostatic pressure tests in Chapter 5. 
A significant part of this experimental study involved the implementation of a new 
experimental deformation rig, the design of which is described in this chapter. The new 
apparatus allowed the on-line HPLC analysis of pore fluid compositions over time. It also 
enabled the permeability of the gouge to be measured throughout each experimental run. 
These observations allowed the study of the influence of applied pressures and temperatures 
on dissolution and precipitation rates of artificial fault gouge. The apparatus was designed 
with Dr S.C.Elphick and built by myself and Mr K Henery. The HPLC on-line sampling 
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system was based on a valve system used by Dr B.T.Ngwenya (Ngwenya et al., 1993). The 
main design criteria for this rig were that it should; 
allow the study of the effects of differing confining pressures (P a) on a sample over time. 
The apparatus subsequently required a means of applying and measuring different amounts 
of normal stress (c) or top load (discussed in Chapter 5). Please note that PC and r, are 
used synonymously in the uniaxial experiments presented in this thesis; 
allow pore fluid pressure to be varied independently of P. This allowed the study of the 
effect of a variety of effective pressures (P eçç) on gouge properties over time. (Again, 
primarily discussed in Chapter 5 for the case of non-zero P e ff); 
allow the application of Pc and Pp to the sample, with no shear component present. 
Although shear is an important factor in "real" fault zones, the experiments have been 
designed to maintain a mechanically simple model for this thesis. Experimental control is 
achieved by varying only Peff  between the different types of pressure test. A shear 
component will be considered in future work that may follow this thesis; 
be capable of studying reactions over a range of temperatures, from 0 to 200 °C. 
Temperatures needed to be held constant throughout each run (for up to 1,000 hours), and 
also required the potential to be varied at any time; 
allow the on-line analysis of pore fluid chemistry at any time during an experiment, using 
low volume HPLC methods; 
permit the measurement of permeability within the gouge at any point in time during the 
experiment. (Permeability studies are described later, in Chapter 5); 
restrict fluid flow through the sample during permeability measurement, rather than 
measuring permeability using a through flowing fluid. This minimised disturbance of the 
sample, and maintained the internal structure of the gouge as much as possible. For this 
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reason, a pulse decay method was used to determine sample permeability. This technique is 
discussed in detail in Chapter 5. 
The final rig that was designed and built was capable of meeting all of these requirements, 
and consisted of the two cell set up illustrated in Figure 4.1. Thus two experiments could be 
run in parallel, allowing the simultaneous comparison of two experiments run under different 
conditions. This allowed the continued maintenance of an experimental control, with a single 
variable being changed per run. In this work the experiments conducted in the first cell ran 
under a known effective pressure (non-hydrostatic tests, described in Chapter 5), while the 
second cell was run with a zero effective pressure (hydrostatic tests, described in this 
chapter). 
The development of the experimental rig, from its basic frame, through to cell design and 
"environmental monitoring" (pressure, temperature, and pore fluid chemistry) configurations, 
is described in the present chapter. Only the equipment used in the zero effective pressure 
experiments is described below, with the remaining apparatus and experimental techniques 
described in the final experimental methodology chapter, Chapter 5. 
4.2 Apparatus Design and Set-up 
4.2.1 Main Frame Design. 
The main frame construction, illustrated by Figure 4.2.1, had to be robust and able to 
withstand considerable extensional stresses (over 35MPa). The frame was constructed from 
two u-section steel girders that were supported by three 90cm long, 4.8cm diameter threaded 
stainless high-tensile steel rods. Each of these rods was sleeved with steel tubing acting as 
struts to separate the two girders. The whole frame was stabilised by six steel nuts, tightened 
to hold the frame together. Three uprights were employed firstly to stiffen the frame against 
shear, and secondly to allow placement of two cells per rig, enabling two experimental runs 
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to be carried out per rig. They also effectively shortened the "open" top/bottom u-section 
bars, reducing the likelihood of buckling and bending of the top sections and bars alike. 
Additional flexural stiffhess was achieved by collaring the top ram in a thrust plate, and 
standing the experimental cells on a circular 25mm thickness thrust plate on the bottom 
frame section. 
4.2.2 Cell Design. 
The cells used in the pressure experiments comprised a cylindrical body and a pair of 
associated opposed pistons as illustrated in Figure 4.2.2. Both units were made in-house from 
EN57 stainless steel. The pressure cell was a 10.5cm long, 10.16cm outside diameter and 
3.83cm inside diameter cylinder. The cylindrical body had two holes bored into its side. The 
first hole, 1.6mm diameter, was drilled through to the core of the cell body. It was externally 
tapped to take a stainless steel chromatography fitting, allowing it to be plumbed into the 
Waters HPLC apparatus. This enabled the on-line sampling and chemical analysis of pore 
fluids from the centre of the gouge pellet. The second hole was blind bored to within 0.63 cm 
of the cell core. This hole held a K-type thermocouple used to measure the internal 
temperature of the cell, the heating of which was achieved by ajacketing Watlow band heater 
(Figure 4.2.2). Figure 4.2.2 illustrates how the cell was suspended from the main frame by 
two springs. This important feature enabled the pistons to move independently of each other, 
allowing equal symmetric compaction of the gouge sample, and prevented shearing of the 
fluid sampling tube. 
The pistons were 8.85cm long and 3.83cm in diameter. They were blind bored from the 
front face to within 1.25cm of the back face with a 0.2 8cm diameter hole. This hole was met 
by a cross drill as illustrated in Figure 4.2.2. The cross drilled hole was externally tapped to 
take a standard swaging chromatography fitting. This provided an input/output port for pore 
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fluids. A fluid tight seal between the cell and pistons was provided by an 0-ring seal. 028BS 
Viton 0-rings were fitted to the ends of pistons in 0-ring grooves that were machined to 
have a radial depth of 0.15cm, a width of 0.20cm and a position 0.18cm from the piston end. 
To run an experiment, the cell was constructed by placing the sample in the centre and 
sandwiching it between two 30p.m stainless steel fits. The pistons were then placed in either 
end of the cell body so that they touched the fits. The fits were employed to firstly prevent 
the loss (or movement of) fine particles from the system during pressure pulsing for 
permeability studies and secondly, to distribute the fluid pulse used to determine 
permeability equally across the sample face. Two stainless steel bars, 34cm long, 4cm wide 
and 2cm deep were placed either side of the pistons, from which two dial gauges were 
suspended, as illustrated in Figure 4.2.2. The dial gauges were used to measure the 
compaction of the sample over time. Plastic ("tufhol") heat resistant blocks were placed 
either side of the bars to prevent the conduction of heat from the cell to the rest of the rig, and 
chilling of the pistons. Figure 4.2.2 illustrates how stainless steel packers were used to reduce 
the "free-space" between the cell and the ram. This enabled the top loading piston to operate 
at the least stroke position, making the system as stiff as possible. Each of the packers and 
bars were placed as centrally as possible, in alignment with the pistons and the ram. This 
reduced the chances of any side shear forces building up in the cell, which could lock the 
pistons into the cell. 
4.2.3 Pressure and Temperature Controls. 
Confining pressure (synonymous with normal stress here) was supplied by the application 
of a top load, provided by a Hi-Force 250kN hydraulic ram. The ram was plumbed to a hand 
pump and a 35MPa rated Fawcett Christie bladder accumulator using 0.3175cm diameter 
stainless steel tubing. The pressure was applied hydraulically by pumping Tellus 37 oil into 
93 
M.A .Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
the system (Figure 4.2.1). In simple terms, the hand-pump was used to pump fluid out of the 
reservoir and into both the ram and the bladder accumulator. The bladder accumulator 
effectively provided a trapped gas bubble in the system, which acted as a pressure buffer, 
producing a constantly ballasted pressure in the system. The pumping of oil into the system 
caused the ram to be driven down by hydraulic fluid pressure until it reached the packers and 
pistons of the cell. At this stage, a confining pressure began to be added to the sample. 
Pressure was then monitored by a 40.6MPa rated Keller pressure transducer (see below) until 
the desired system pressure was reached, at which point pressurisation was ceased. 
Before this process was commenced, a number of considerations had to be made; 
the area ratios of ram to piston, enabling the calculation of the amount of pressure supplied 
by the ram onto the sample (via the piston). As the surface area of the piston in contact with 
the sample was less than the surface area of the ram, the confining pressure (P a) on the 
sample was greater than that measured directly from the ram. To calculate the actual 
confining pressure, the following calculation was applied; 
A1IAp*Pr Pc ; 	 (4.1) 
where Ar is ram surface area; A is piston surface area; P is pressure exerted by the ram and 
Pc is the confining pressure (or normal stress) exerted on the sample. In the case of the rig 
used in these experiments, the area ratio was 3.065. Subsequently, any pressure measured 
from the ram will be approximately one third that of the actual confining pressure on the 
sample; 
the calculation of a safe working pressure for the rig. In other words, the maximum 
pressure that the rams will be able to operate at safely. This was calculated to be 71 MPa, 
well above any proposed experimental conditions. 
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3) the pressures required to fill the bladder accumulators so that they provide a sufficient 
pressure ballast in the system. The pressures used were 2/3 of the working pressure of the 
system. This value was used because the 0.3:0.6 ratio of fluid to gas provides the maximum 
buffer capacity in a system. Once these values had been calculated (and the area ratio 
accounted for) the accumulators were filled using nitrogen gas, with pressures being 
monitored using a gas regulator. 
The working pressures of the rig were measured by the Keller 40.6MPa (5 volts) rated 
pressure gauges linked to a digital readout (see Figure 4.2.5 for a full circuit diagram), 
calibrated to engineering units (Eu). An engineering unit is a given full range voltage for a 
given full range of a signal. The reading is measured in volts and translated into a physical 
measurement. The maximum signal of the unit used here is 10 volts to the maximum range 
of the sensor, 40.6MPa. The system pressure was derived as follows; 
Psys  Eur/Eumax*Ptrat ; 	 (4.2) 
where P s is the system pressure; EUr represents the readout value in volts; EUmax is the 
maximum possible system value (10V here), and Ptmt the pressure transducer rating 
(40.6MPa in this case). 
Pore fluid pressure was applied to the system by pumping distilled water from a reservoir 
into the sample via the input ports on each piston (Figure 4.2.3). Pressure was maintained by 
either (i) closing the cell off from the system using Top Industrie 1 OOMPa rated needle valves 
(as with the work in this chapter) or (ii) by using a bladder accumulator to ballast the pore 
pressure, as with the experiments described in Chapter 5. Pore fluid pressure was also 
monitored using a digital readout attached to a Keller pressure gauge, calibrated to Eu. 
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The cell (and thus sample) was heated by a Watlow band heater, controlled by (i) a J-type 
thermocouple, used to monitor the temperature of the heater and (ii) a control box, using a 
Watlow series 93 controller (Figure 4.2.6 shows a circuit diagram of this unit), used to 
calibrate and control heating rates and to control the heater temperature. A second 
thermocouple (K-type) was used to monitor the internal temperature of the cell (or sample 
temperature) and to control and calibrate the band heater to provide the desired experimental 
temperatures. 
4.2.4 On-line IIPLC Sampling System. 
Part of the design criteria stated for both rig and experimental design was that pore fluid 
chemistry from both cells must be analysed using HPLC techniques (described in Appendix 
3). Figure 4.2.4 illustrates the plumbing used to link the sample (and thus its pore fluids) 
directly to the HPLC apparatus for on-line analysis. 
The design of this system involved a number of considerations; 
the cells must be sampled from (opened and closed) independently and must be closed to 
each other and to the rest of the system. This prevents any mixing between cells, or indeed 
between cells and the rest of the system; 
the sample loop used to collect and store the pore fluid from the cell must be able to be 
flushed clean with distilled water, without affecting the rest of the system; 
particles from the synthetic gouge (ultra-fine particles or residual clays) must not be 
allowed to flow down the sample tube, as this would restrict flow of the sample fluid along 
the tube. They may also block the ports of the Rheodyne valves used to plumb the sampling 
system together (Figure 4.2.4); 
the optimal length of the sampling "draw tube" must be calculated. The optimum length 
being that at which the minimum amount of sample is drawn from the cell to fill the sample 
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loop and purge the system of any other fluids. Calculation of this length will ensure that 
there is no contamination of a sample from one cell with that of the other, while minimising 
changes in fluid/rock ratios in the gouge sample. The flow rate of the sample along this tube 
also had to be restricted. This prevented the "shocking" of the sample by the rapid drawing 
off of a sample, and reduced the chance of ultra-fine particles blocking the sample tube. 
Considerations 1) and 2) were solved by employing a 6-way Rheodyne 7010 valve into the 
system, with cells separately plumbed to ports. A further port was used to plumb in a distilled 
water "flushing" mechanism independently from the cells. The third consideration was 
accounted for by fitting the sample end of the sample tube (a 15cm long 0.15cm wide, 
0.08cm bore stainless steel tube) with a 2im Upchurch stainless steel fit, limiting the 
amount of solid material that flows through the tube and into the Rheodyne valves (Figure 
4.2.7). 
4.2.5 Calibration of the Sample Draw Tube Length. 
The optimal sample draw tube length (a 0.01cm diameter Tefzel (ETFE) tube with a 
0.03cm bore) was determined by analysing for two different anions of known concentration, 
and observing variations in their elution times and concentrations for a range of tube lengths 
(Figure 4.2.8). Initially, the system was filled with the first anion (silica in this case), then 
chemically analysed. The second anion (Chloride) was then introduced to the system, 
drawing it along a known length of the sample draw tube, and analysed for. If two peaks 
were seen then this implied that the system had not been completely purged, and a crossover 
between the two anions was observed, suggesting the chosen tube length was too short. If 
only one peak was observed, the tube was considered sufficiently long enough to allow 
complete purging of the previous sample. Lengths of the tube were evenly increased from 
one run to the next, until only individual peaks were seen. A diagram of concentration versus 
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tube length for both anions was then plotted (Figure 4.2.8). The optimum length of the tube 
was found to be 115cm in the case of the apparatus used here. A micro-splitter valve was 
used at the end of the tube to restrict sampling rates to 0.2j.il per minute, preventing any 
sudden drawing of fluid. This was particularly important when sampling from the cells, as 
drawing samples too quickly may have led either to tube blockage as fines are drawn 
through, or the sample itself boiling as it depressurises, filling the system with air. 
4.3 Experimental Methodology. 
4.3.1 Sample Preparation. 
The gouge samples used in these experiments were initially pressed into solid pellets, 
allowing them to be loaded into the cells with greater ease. Pellets of gouge were used rather 
than loading up loose powder as; i) a friction break had to be created around the sample 
(using teflon tape); ii) the gouge had to be held together to prevent individual particles 
jamming between the pistons and the cell wall, which may lead to damage of the cell and the 
0-ring seals causing fluid leakage; and iii) the method used to produce pellets here also filled 
the sample with pore fluid prior to the run, while minimising the reaction time between 
powder and fluid outside the cell. It also minimised the amount of air in the system, making 
accurate pressurisation easier. 
The samples were made up in four steps: 
The powder was placed into a mould (Figure 4.3. 1) and saturated with the intended pore-
fluid. The mould was then lightly compressed to remove any excess fluid and close any 
voids in the gouge. 
The gouge filled mould was immersed in liquid nitrogen, instantaneously freezing the 
sample into a pellet. 
A hydraulic press was then used to push the frozen pellet out of the mould. 
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4) Finally the circumference of the pellet was wrapped using two windings of Teflon tape. 
The pellet was then loaded into the cell. 
The run charge comprised of two pellets, each approximately 1.2cm thick. One was placed 
on the bottom piston, the other on the top, as outlined in Figure 4.3.2. Two pellets were used 
because the sample had to be centred around the sampling tube. This tube was fixed in place 
prior to loading, making it impossible to use one large pellet. 
4.3.2 Starting an Experimental Run. 
Once the samples had been loaded, they were sandwiched between two 30j.m stainless 
steel fits. This held the samples in place, and acted to prevent the loss of any powder into the 
system. The pistons were then placed in the cell, held in place by the slight friction supplied 
by the 028BS Viton o-rings. This also created a fluid tight seal in the cell. The remaining cell 
set-up was then completed, as summarised in Figure 4.3.2. The ram was then pumped down 
until it touched the piston top and the dial gauges measuring the relative piston positions 
were zeroed. Finally, the ram was further pumped down until the required operating 
confining pressure was reached (ensuring the bladder accumulator attached to the hydraulic 
system was open). The system was then closed to the pump using two needle valves, and the 
new reading on the dial gauges taken. Next, the pistons and cell sample tube were plumbed 
into the pore fluid source and Rheodyne sampling valve respectively. Pore fluids were then 
pumped into the cell using a Waters chromatography pump. The desired pore pressure (equal 
to confining pressure) was reached when the dial gauge again read zero. This occurred as the 
pore fluid pressure drove the ram back to its original position, balancing the confining 
pressure. In other words effective pressure equalled zero. The input ports to the cell were 
then closed off, again using needle valves. The rig was left to equilibrate for 24 hours. If the 
pressure dropped over this time, it was topped back up. Once the pressure had stabilised, the 
MA.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
first chemical analysis of the pore fluid was run. After this, the band heater was switched on 
and set to the temperature required for the run, using the digital heat controller (Figure 4.2.6). 
Chemical analyses were taken as often as possible during heating, to allow the study of the 
influence of heating on pore fluid chemistries. Once the run temperature had been reached 
and was stable, a further chemical analysis was run, to determine the fluid chemistry at time 
"zero" (the point at which run temperature was reached). After this, a sample was taken 12 
and then 24 hours after the start, then every day for the first four days, and every other day 
thereafter, for approximately four weeks. This allowed the study of concentration change 
over time. The influences of temperature and gouge size fractions were again studied in these 
tests, with experiments being run at 120 °C, using the same size fractions as with the batch 
tests- Bulk, Clean Bulk, 425-300im (coarse); 212-1 80 jtm (medium); and 125-75prn (fine) - 
allowing direct comparisons of this data to the batch test work. A total of five hydrostatic 
experiments were run as part of this suite (summarised in Table 2.2). All experiments ran at 
120°C, with Pc and Pp's of 6.9MPa. Test Hi used a bulk gouge sample; H2 used clean 
gouge; H3 used the coarse gouge fraction; H4 used the fine gouge fraction, and H5 used the 
medium gouge fraction. 
4.4 Data Reduction. 
As the experiments outlined in this chapter involve no effective pressure, they primarily 
test the hypothesis that the reactions studied still represent a dominantly chemical system. 
Because there is no effective pressure acting on the system, it is unlikely that the synthetic 
fault gouge will experience any significant compaction, thereby removing the main cause of 
physical sealing and contact dissolution. The experiments here subsequently represent a zero 
effective pressure system that uses a more realistic fluid:rock ratio relative to a natural fault 
zone, particularly when compared to the batch tests. This is effectively an overpressured 
100 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
system. Conditions like these are postulated to exist in fault zones to be a possible cause of 
fault weakening (e.g. Blanpied et al., 1992 and David et al., 1994). 
The data was used in four main ways; 
to determine whether the reaction had reached or even exceeded equilibrium, using the 
SUPCRT92 computer program described in Appendix 4, section 3.4.3 (Johnson, Oelkers 
and Helgesson, 1991). The SUPCRT programme was used to determine equilibrium 
concentrations for each of the pressure tests. These values were compared with the 
maximum concentration values for each of the experiments, in an attempt to show whether 
the dissolved silica in the pore fluids has reached supersaturation during the experiment. 
This information is important when considering such processes as Ostwald ripening; 
pressure solution and precipitaion (see Chapter 6 for a more in depth discussion); 
to observe how the application of confining pressure on the system influenced rates of 
gouge dissolution, by direct comparison to the 0.1MPa batch test data (Chapters 3 and 6). 
This was done by extrapolating the batch test data forwards to 120 °C, the maximum 
temperature of the pressure tests conducted in this thesis, using the Arrhenius plot (sections 
2.3.1 and 3.4.3). It was necessary to extrapolate the batch test data to 120 °C because they 
were unable to run above 90°C, as the plastic bottles used tended to expand and leak at 
90°C. A comparison of the extrapolated batch test data and the hydrostatic test data enabled 
the determination of the overall influence of P and Pp on reaction rates. This was possible 
as all other variables (particle size distribution and temperature) were held constant between 
the experimental suites, maintaining an experimental control in the system; 
to study the influence of temperature on dissolution, both in terms of how the ramping of 
temperature up to the run conditions and the variation of final run temperatures (using 90 
and 120°C in this case) affect pore fluid concentrations; 
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4) in studying the influence of gouge particle size on reaction rate (primarily dissolution 
here) by comparing data from runs using different size fractions of gouge, as described 
above. 
4.4.1 Determination of Chemical Reaction Rates and Rate Constants. 
The influence of pressure, temperature, and particle size on fault gouge reactivity was 
quantified by determining the rates of physico-chemical dissolution and precipitation, as a 
function of these variables for each reaction studied in this thesis. The interpretation of data 
from these experiments, particularly in terms of the processes acting on the system (such as 
dissolution and precipitation), were more accurately defined by determining the rate 
constants and equilibrium concentrations for each reaction, and their values relative to that of 
the equilibrium concentration (calculated using the programme SUPCRT92, described in 
Appendix 4). Reaction rates and equilibrium concentrations were determined for the 
experimental data using a thermodynamic model developed in discussion with Prof. I.G. 
Main and Dr B.T. Ngwenya, based on solving the equations of Atkins (1995), outlined in 
section 2.4.1.2 and summarised below, given the appropriate boundary conditions for the 
experimental data. The model has been simplified from a mixed composition gouge (quartz 
and feldspar), to a quartz rich system, by assuming that quartz dissolution/precipitation 
reactions dominate, which is reasonable for Clashach fault gouge, as the host rock contains 
90-97% quartz. This assumption is discussed in greater detail in Chapter 6. For a simple 
oxide such as quartz, experimental studies have shown that the precipitation rate varies 
linearly with concentration of silica in solution (Rimstidt and Barnes, 1980), so that 
precipitation does not start until appreciable dissolved silica is present in solution. The 
number of fine grains in the system are expressed as silica concentration A, with an initial 
concentration at equilibrium, A 0, and the total concentration of silica in solution being I, 
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evolving towards an equilibrium concentration of It,. Then, since both dissolution and 
precipitation are first order with respect to silica concentration, the measured concentration 
of dissolved silica will follow the rate equation (Atkins, 1995): 
dI/dt = kA - kb(I-I& 	 (4.5) 
where; 
A = Aoet 	 (4.5.1) 
Integration of equation 5.4 subject to the boundary conditions that 1=0 when 1=0 and 1=10 
when t-o leads to; 
I = Co+Cjet+C2et 	 (4.5.2) 
where; 
CO = Jo 	 (4.5.3a); 
C1 = AOka/(kb4Ca) 	 (4.5.3b); 
C2 = 4Ca1(kbka)[1Jty1AO1 	 (4.5.3c). 
This can be verified by inserting equations 4.5.1, 4.5.2 and 4.5.3 into the right hand side of 
equation 5.4, and calculating the left hand side of 4.5 by differentiating 4.5.2. 
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Initially, values for the reaction rates ka and kb were calculated using the equations 2.9a and 
2.9b, taken from Rimstidt and Barnes (1980), outlined in section 2.3.1. The equilibrium 
concentrations were determined using the SUPCRT92 thermodynamic modelling program, 
for the reaction Si02( qtz)+2H20_*SiO2(aq). The values were inserted into equations 4.5, 4.5.1, 
and 5.4.2 to produce modelled dissolved silica concentrations the basic trends of which 
qualitatively followed the trends of the experimental data. However, the predicted peak times 
and peak widths did not correspond accurately with the experimental data. This suggests that 
the purely chemical rate and equilibrium values used do not correspond to the physico-
chemical conditions represented in the experimental data. As a result, a range of rate and 
equilibrium values were inserted into the model, until the modelled dissolved silica 
concentrations matched the experimental values reasonably over time. The final plots 
combining modelled and measured silica concentration evolution are presented in Figure 
4.5.2. The subsequent rate and equilibrium values found by this forward modelling exercise 
were then taken to be representative of the reaction being studied, and are summarised in 
Table 4.5.2. 
4.5 Results 
The results of the hydrostatic pressure tests described in sections 4.1 to 4.4 are presented 
below. These experiments were designed to elucidate the influence of hydrostatic stress and 
particle size distribution on the reactivity of quartz rich artificial fault gouge over time. 
The main trend of the concentration versus time data (outlined in Figure 4.5.1, and 
summarised in Table 4.5.1) shows that the bulk gouge produced the greatest dissolution 
equilibrium concentration (A0) (1.7x 10-3  molE'), followed by the cleaned bulk sample 
(1.48x 10-3  molE'). The fine and coarse gouge fractions followed respectively (1.28x10 3 and 
4.5x10 molE'), while the medium gouge fraction exhibited an anomalously high value 
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(2.85x10 3 molL'). This was not seen in the batch test results of 3.5.1, which generally 
showed an increase in dissolution rate with decreasing particle size. The large apparent value 
for the intermediate-fractions rate constant was probably due to an analytical error caused by 
the use of degraded chemical standards. 
The dissolution rates (k a) of the experimental data illustrated in Figure 4.5.1 were 
calculated using the thermodynamic model described in sections 2.4.2 and 4.5.1, based on 
modifying the equations of Atkins (1995), modified for a finite concentration at infinite time. 
Table 4.5.2 summarises the rate values (Ao and ka) determined from this model, while Figure 
4.5.2a-f compares the modelled concentration versus time curves with the experimental data 
of Figure 4.5.1. The bulk gouge had the greatest dissolution rate (4.2x10 10 molcm 2s'), 
followed by the clean bulk gouge sample (3.0xlO 10 molcm 2s 1 ), the coarse gouge fraction 
(2.35x10 10 molcm 2s 1 ) and then the fine gouge fraction (1.42x10 10 molcm 2s) in 
descending rate order. The medium gouge fraction again showed an anomalous rate value 
(2.78x10 10 molcm 2s 1 ), which was probably caused by systematic analytical error. 
Equilibrium concentration values were predicted for the dissolution reactions using SUPCRT 
92, developed by Johnson et al. (1991), and summarised in Appendix 4. Values were 
calculated for each of the environmental conditions of the hydrostatic pressure tests, but were 
unable to be determined for each particle size distribution used. Only general values for each 
set of conditions were therefore determined. The modelled rate values are summarised in 
Table 6. 1, and show that dissolution rates and reaction constants tend to increase with 
increasing sample surface area. Rate values are also seen to be greater than those determined 
from the batch tests, suggesting that the application of pressure increases gouge reactivity. 
The general trends of the experimental results show reaction rates and dissolved silica 
concentrations to be exponentially dependent on temperature, linearly dependent on surface 
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area, and that dissolved silica concentrations do not tend to reach supersaturation or 
equilibrium during the length of the experiments. 
4.6 Summary. 
A new experimental rig was designed and built to allow the study of the influence of 
normal stress and pore fluid pressure on the reaction rates of experimental fault gouge. The 
rig was also designed to enable the on-line study of pore-fluid chemistry from each high 
pressure cell independently, and the influence of a variation of pressures and temperatures on 
these values. The experiments described in this chapter studied purely chemical reactions 
within the system by using a zero Peff  in the system, removing any physical influences, 
creating a "pressurised" batch test. 
A quantitative chemical model was developed to determine rate constants and equilibrium 
values of the reactions being studied. This involved fitting, experimental data to equations 
4.5, 4.5.1 and 4.5.2 and finding best-fitting parameters that describe the experimental data as 
representing "model" rate values for each run. 
The data was also directly compared to the batch test results, in an attempt to determine 
the influence of higher pore pressures (>0.1 MPa) on gouge reactivity. The ramping of 
temperature early in the experiment was also used to further study the influence of 
temperature on the system. 
The results showed that the application of hydrostatic stress to the artificial fault gouge 
increased the chemical reaction rates in comparison to the batch test data. The increase of 
experimental temperature from 90 to 120°C also had a positive influence on rate. Reaction 
rates were also seen to increase as sample surface areas increase. 
The next chapter presents the final suite of experiments conducted towards this thesis, 
which involved the study of artificial gouge reactivity under non-hydrostatic stress. The 
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influence of pressure, temperature and particle size distribution were studied with respect to 
chemical reactivity, taking into account sample compaction rates and permeability changes 
associated with chemically induced compaction. 
107 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing.-An Experimental Study. 
Table 4.5.1: Summary table of the evolving dissolved silica concentration data for each of 
the hydrostatic pressure tests. All tests ran at 120 °C; with Pc and Pp's of 6.9MPa. Sample 



















HI 0.00 9.89 H2 471.33 132.60 114 367.50 106.50 
- 25.00 14.56 H3 0.00 3.73 - 402.50 105.35 
- 43.35 21.13 - 4.54 5.00 451.50 112.31 
- 68.34 42.14 - 17.67 5.48 115 0.00 15.37 
99.00 65.71 39.38 20.49 - 36.56 18.12 
100.00 94.22 40.38 26.93 - 73.13 20.14 
107.50 136.20 63.38 108.60 - 74.13 150.30 
118.50 139.60 84.88 204.10 - 94.63 178.10 
170.00 148.80 131.38 197.00 - 120.13 196.30 
192.50 141.50 180.38 183.90 - 148.13 200.80 
- 217.00 156.90 - 252.38 205.20 - 166.63 212.00 
- 248.00 122.60 - 298.38 266.20 - 214.63 249.30 
- 272.00 134.80 - 348.38 247.00 - 261.63 286.80 
- 324.50 175.70 - 412.38 239.30 - 334.63 277.00 
- 369.00 158.30 - 455.38 279.50 - 384.13 256.40 
- 407.00 132.40 575.38 283.00 - 428.13 235.70 
- 510.50 140.60 619.38 276.30 - 479.13 220.30 
- 582.00 126.60 - 670.38 271.60 - 528.13 261.25 
621.00 101.60 - 742.38 346.10 - 575.13 302.90 
112 0.00 2.77 - 790.38 348.40 - 646.13 275.90 
- 60.29 5.59 837.38 367.80 694.63 268.70 
- 76.50 8.44 114 0.00 16.79  
- 113.46 35.09 - 3.06 31.71  
- 135.33 63.13 - 11.22 50.35  
136.33 81.30 25.50 24.91  
- 143.33 106.90 26.50 24.91  
- 157.83 119.90 49.50 24.61  
185.83 129.00 71.50 26.23  
- 208.33 105.80 95.50 30.90  
- 232.33 139.50 - 121.50 67.13  
- 255.33 106.30 145.50 86.21  
- 307.33 130.00 172.50 76.59  
- 375.33 143.60 - 243.50 83.91  
423.33 116.50 291.50 97.42 
108 
M.A .Kay 	Physico- Chemical Mechanisms of Fault Sealing:An Experimental Study. 
Table 4.5.2: Table of dissolution rate and rate constant values for each of the 
hydrostatic pressure tests, determined using the model described in 5.4.5. 
Dissolution and precipitation rates (k a and kb respectively) are given in molcm 2s'; 
while dissolution and precipitation equilibrium constants (AO and lo respectively) are 
given in molL. K is the ratio of k1,:ka (discussed in 6.2.4.6). All tests ran at 120 °C, 
with PC 's and Pp's of 6.9MPa. 
Run Gouge used  A0 kb  K 
Hi Bulk 4.20E-10 1.70E-03 1.00E-12 1.20E-08 2.38E-03 
H2 Clean Bulk 3.00E-10 1.48E-03 1.00E-12 1.20E-05 3.33E-03 
H3 Coarse 2.35E-10 4.50E-03 I 1.00E-12 1.20E-05 4.26E-03 
H4 Fine 1.42E-10 1.28E-03 1.00E-12 1.20E-051 7.04E-03 
H5 Medium 2.78E-10 2.85E-03 I  1.00E-12 1 1.20E-051 3.60E-03 
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Figure 4.1: The general set-up for the deformation rig frame (not to scale). The rig is designed to hold two cells. 
The second would sit in the equivalent space, to the right of the pictured cell. A) u-cut high tensile steel 
top/bottom bar; B) threaded stainless steel cylinder upright frame supports; C) stainless steel collars for B); D) 
cell set-up (detailed in figure 4.2.2); E) 25 tonne Hi-Force hydraulic ram; F) supporting "base-frame"; G) 
adjustable foot screws for levelling the frame. 
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Figure 4.2.1: Basic plumbing on the rig, used to provide hydraulic pressure in the pistons. This allowed the 
application of confining pressure to the cell. A) hydraulic ram; B) 0.32cm diameter stainless steel tubing; C) 
Top Industrie needle valves; D) Keller lOObar pressure transducer; E) bladder accumulator; F) hand pump; G) 
hydraulic oil reservoir. 
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Figure 4.2.2: Schematic illustration of the cell set-up. A) cell body; B) piston; C) sample and 
fits (expanded in figure 4.3.2); D) band heater; E) spring; F) dial gauge; G) Tuflel packer; 
H) Stainless steel base packer. 
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Figure 4.2.3: Schematic illustration of the cell and its associated plumbing to i) a distilled water supply for 
applying pore fluid pressure; ii) the manifold set-up associated with pulse decay and permeability 
measurement; and iii) the HPLC system, allowing on-line analysis of fluid chemistry. P refers to a lOObar 
rated pressure gauge, used to measure pore fluid pressure; DP refers to a differential pressure transducer, used 
to measure pressure pulses during pulse decay work (refer to Chapter 5) and IV refers to Isolation Valves, 
used to close the up and down stream reservoirs to each other during pressure pulsing. 
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Figure 4.2.4: Illustration of the valve set-up that enables independent sampling from the cells for on-line HPLC 
analysis. a) Cell 1; aa) cell 2; b) source of distilled water for flushing the system clean; c) sample draw loop; 
d) HPLC sample loop; e) eluent in; HPLC column; g) flow-restrictor valve. Valve A is a 6-way Rheodyne 
7010 valve and valve B is a Rheodyne 5060 valve. i and ii labels on valve B refer to its switching positions. 
Note that to take a sample, valve A should be switched to either a or aa, allowing fluid to flow out of the cell 
and into the sample loop. Valve B should be switched to position i. To analyse the sample, valve B should be 
switched to position ii, allowing the eluent to transport the sample from the sample loop through the HPLC 
column, and into the HPLC system. Valve A should then be switched to b, allowing the system to be cleaned 
before the next sample is taken. 
114 
I ILIHI 
BJ 	 __ 
L. 
. 220 I IN 'IN' I wI 240 II Ex+ Ex- I - 1 	I + 
M.A.Kav 	Phv.sico-C'hemical MechanisnLs of Fault Sealing.-An Experimental Study. 
Figure 4.2.5: Circuit diagram of the wiring for the pressure readout display box. A) Mains plug; B) fuse; C) 
Keller lOObar pressure gauge; D) on/off switch with indicator; E) 6-way control switch; F) junction box; G) 
Junction; H) Terminal with analogue output. The coloured lines refer to the wires used, where red is live; 
blue is neutral; green is earth and yellow is signal out. 
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Figure 4.2.6: Circuit diagram illustrating the wiring in the thermal controller unit. A) Watlow controller; B) 
4-pole on/off switch; C) 2amp fuse; D) Samp fuse; E) Junction; F) solid state relay. 
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Figure 4.3.1: Schematic image of the mould used to press gouge pellets used in the pressure tests described in 
Chapters 4 and 5. 









Figure 4.3.2: An illustration of the sample set-up used in the rig cells for each pressure test. A) Piston; B) cell 
body; C) bore in the piston, machined to allow the input of pore fluid into the system. This enables the 
addition of pore-fluid pressure to the sample; D) groove cut into the lower piston side and its fitted 0-ring, 
enabling a fluid tight seal to develop between the cell and piston; E) 30.tm mesh stainless steel frit and teflon 
collar; F) sample tube (enlarged in figure 4.2.7); G) sample pellet and teflon tape wrap. 
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Comparison plot of the dissolved silica vs time curves for each of the hydrostatic pressure tests. 
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Figure 4.5.1 Summary plot of the dissolved silica concentration versus time data for each of the hydrostatic pressure tests 
described in Chapter 4. All tests ran at 120'C, with all P  and P I, s being 6.9MPa. Table 2.2 summarises all experimental 
parameters. 
120 
M.A.Kay 	Phvsico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
a 	Predicted trend for hydrostatic test, Hi. Model uses A0= 1 .7e 3molL 1 ; ka=4.2e' °molcm 2s 1 ; 10=1  .2e 8mo1L'; 
kb=l .Oe 12molcm 2s 1 . 

















Figure 4.5.2a-e: Comparison plots 	of experimentally determined and 
thermodynamically modelled concentration versus time values for the hydrostatic 
pressure tests described in Chapter 4. All tests ran at 120°C, with Pp and P c s of 
6.9MPa. All experimental parameters are summarised in Table 2.2. 
b Predicted trend for hydrostatic test H2. Model uses 
A 0=1 .48e 3mo1L 1 ; 1=1 .2e 5 molL 1 ; ke =3.Oe 10molcm 2 s 1 ; 



























M.A.Kav 	Phvsico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
C 	Predicted trend for hydrostatic test H3. Model uses 
A 0=4.5e 4 molL 1 ; 1=1 .2e 5molL 2 ; k=2.35e 1°molcm 2s; 
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d 	Predicted trend for test 114. Model uses A 0=1.28e 
3 molL'; 1 0=1.2e 5 moIL'; ka =1.42e 10molcm 2s'; 
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Figure 4.5.2 (Continued) 
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Figure 4.5.2 (Continued) 
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Chapter 5: An Experimental Study into the Reactivity of Artificial 
Fault Gouge Deformed Under a Range of Effective Pressures and 
Temperatures. 
5.1 Rationale. 
Previous chapters examined the effect of hydrostatic fluid pressure on analogue 
gouge reactivity. In the following experiments the additional influence of point contact 
loading within the gouge is examined, and its contribution to the total reactivity of a 
compressed gouge powder is investigated. Here, a suite of uniaxial non-hydrostatic 
pressure tests (ci>2=03?Pp) are described. They were designed to follow on from the 
hydrostatic pressure tests (Chapter 4) and hydrostatic "batch" tests (Chapter 3), by 
adding an extra parameter to the experimental conditions, in the form of applied 
effective pressure. All other experimental parameters (e.g. temperature and particle size 
distribution) were held constant, maintaining the stepwise control that exists between 
each experimental suite. The chapter begins by describing the new apparatus that was 
added to the basic rig design of Chapter 4, to allow the simultaneous study of sample 
compaction; pore fluid chemistry; and permeability evolution over time. This is 
followed by the experimental methodology; data reduction; and a summary of results. 
The aims of these experiments were: 
o to study the influence of fault-normal compaction, coupled with fluid-grain surface 
interactions on the reactivities of fault gouge. This allows the creation of a more 
geologically realistic physico-chemical system, compared to the more chemically 
controlled experiments carried out to date in this thesis (Batch tests of Chapter 3 and 
hydrostatic tests of Chapter 4); 
124 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
to study the influence of pressure, temperature, and particle size on fault gouge 
reactivity; 
. to measure the permeability of the gouge at any time during the experimental runs, 
also as a function of temperature, effective pressure and particle size distribution; 
. to reduce the data from the experimental work using forward modelling of reaction 
dynamics (described in section 5.4.5 below); allowing, an estimation of experimental 
reaction (dissolution and precipitation) rates, and the equilibrium concentrations of 
dissolved silica at the relevant experimental conditions for each individual sample; 
. to use scanning electron microscopy (SEM) to attempt to characterise the post-
experimental samples, and hence to look for independent evidence of dissolution and 
precipitation in the system. 
The experimental methods used here measured pore fluid chemistry variation, 
sample compaction rate, and permeability evolution simultaneously during each test. 
This combination allowed the qualitative elucidation of in-situ fault sealing processes 
acting on fault gouge under shallow to mid-crustal conditions, and quantitatively 
constrained the rates at which these processes occurred at pressures and temperatures of 
relevance to the shallow crust. Such data also allowed the quantification of Ostwald 
ripening mechanisms and rates of precipitation, particularly in relation to particle size 
distribution changes in the fault gouge, building on the work of, for example, Dove, 
1994, 1995; Dove and Elston, 1994; Muhuri et al., 1996; and Steefel and Van 
Cappellen, 1990. Related experimental studies presented in the literature tend to 
concentrate on extremes of reactions, such as weathering (low temperature and pressure) 
(e.g. Holdren and Berner, 1979; Holdren and Speyer, 1985; 1987; Rimstidt and Barnes 
1980; Dove and Elston, 1994) or hydrothermal environments (mid-crustal conditions) 
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(e.g. Udel and Lofy, 1989; Hajash and Bloom, 1991; Cox and Paterson, 1991; Dove, 
1994). A number of these studies also used simplified systems compared to a natural 
fault system, often using only individual fractions of artificial gouge (e.g. Rimstidt and 
Barnes, 1985, 1987) or "whole rock" studies with little or no compactive displacement 
(e.g. Ngwenya et al., 1993). A more realistic model of gouge rich fault zone reactivity 
was achieved in this thesis by using grains with rough surfaces and particle size 
distributions similar to those of real gouges, as outlined by Sammis et al. (1987), and 
summarised in section 2.2.2. The experimental fault gouges were also placed under 
pressure and temperature conditions representative of brittle, shallow crustal fault 
conditions. 
A new transient pulse decay apparatus was developed in collaboration with Dr S.C. 
Elphick to allow the study of permeability variation during each experimental run. It 
was linked to the current experimental apparatus with minimum disruption to other 
components in the system, in order to measure as many relevant independent parameters 
as possible during the test runs. Section 5.2 now summarises the development and 
application of this apparatus. 
5.2 Permeability Studies using Pulse Decay: Theory, Design and Methodology. 
The permeability of a porous rock to fluid (other than extremely low viscosity gases) 
can be measured either by steady state flow methods (Darcy's original experiment - 
suitable for rocks with a permeability greater than 10' 8m2) or by a transient pulse 
technique (generally for rocks with a permeability of less than 10 18m), (Brace et al., 
1968; McJimsey, 1985). The steady state flow (or dynamic displacement) method 
determines permeability by measuring the flow rate and pressure difference maintained 
126 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
across the sample (McJimsey, 1985). The transient pulse technique involves placing a 
core sample in a closed system, creating a pressure pulse up- (or down-) stream of the 
sample and measuring the decay of that pulse as fluid flows through the core. The 
permeability is determined from the rate of pressure decay (Brace et al. 1968). 
The transient method was chosen for this study. It was deemed most suitable for a 
number of reasons: 
pulsing only moves a tiny volume of fluid, minimising the dilution of sample pore 
fluids, allowing an accurate, concurrent, study of pore fluid chemistry evolution. This 
low fluid:rock ratio is representative of a natural system. Fluid flow techniques always 
involve high fluid:rock ratios, particularly in recirculating flow apparatus, giving a less 
accurate picture of changing pore fluid chemistries. A flow method is also likely to 
flush finer gouge particles and clays out of the system, creating a less realistic 
reactivity model and potentially causing tube and valve blockage; 
. it has the advantage of being more rapid and applicable to in-situ testing conditions 
than the steady state technique (McJimsey, 1985); 
5.2.1 The Transient Pulse Technique. 
Brace et al. (1968) described a method of measuring the permeability of granite in the 
laboratory. This involved measuring a pressure pulse decay across a cylindrical core. 
The basic laboratory system is illustrated schematically in Figure 5.2.1. Brace made a 
number of assumptions for this technique, to simplify the mathematical solutions; 
that the core sample is homogeneous and isotropic; 
that fluid flow is parallel to the length of the sample; 
that fluid viscosity is constant; 
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4) that fluid compressibility is constant. 
Initially (Figure 5.2.1), the pressures in the upstream (V 1 ) and downstream (V 2) 
reservoirs are equal. V 1 is isolated from V2 and the pressure in V 1 increased by a small 
amount (AP1). From time t-O, decay of the pressure difference, AP = PI-P2, across the 
sample are continuously monitored over time. Measurements of AP are plotted as log iW 
(PI-Pf) versus time, and applied to Brace's analytical expression for the pulse decay: 
(P1 -Pf)/(PI-PO) = [V 1 /(V 1  +V2)]et; 	 (5.1) 
where Po is the pore pressure in the system; P 1 is the pressure in the upstream reservoir, 
(psi); Pf is the final pressure at t=oo, (psi); P j is equal to P o plus pulse pressure at t-O, 
(psi); V 1 is the volume of the upstream reservoir, (cm 3);  V2 is the volume of the 
downstream reservoir, (cm 3);  t is time, (seconds); and a is expressed as follows; 
a[iA(V 1 +V2)]/[L1.tCçV 1 V2]; 	 (5.2) 
where K is the permeability (milli-Darcy); A is the cross sectional area of the sample 
(cm 2); L is the length of the sample or core, (cm); jt is the viscosity of the pore fluid 
(cp); and Cf is the compressibility of the pore fluid, (bar') (note that 1 md= 10 - 1 2cm2). 
For the Brace technique, the test must comply with the assumptions noted above. It 
must also be assumed that pore volume/upstream reservoir volume ratios are less than 
0.1 and that P i is no more than 10% greater than P o. This is because Cf and t are both 
functions of pressure. The pressure pulse must be applied instantaneously to the 
upstream volume (V 1 ) and the volume of the rock matrix (V R), while the downstream 
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reservoir volume (V2) must be at pressure P o. The pressure in V 1 must be recorded as it 
decays. From 5.1, the graph of log(P l -Pf) versus time yields straight line slope of a. 
Permeability may then be determined directly by rearranging equation 5.2 and applying 
the a value, as all other variables are independently known, and assumed constant for 
each given test. 
A number of authors, including Lin (1977) and Yamada and Jones (1980) have 
shown, by means of numerical solutions, that Brace's solution could lead to significant 
errors in permeability. Such errors occur because one of Brace's original assumptions 
(that the coefficient of transient diffusivity is negligibly small, and may thus be assumed 
zero) did not always hold true. The assumption may not hold for a number of reasons, 
including unsuitable (according to Brace's original work) specimen size, upstream, and 
downstream reservoir volumes; and their influences on pulse decay trends. Amaefule et 
al. (1986) used Brace's work, along with that of Bourbie and Walls (1982), to produce a 
more accurate method of calculating permeability. Their models and calculations were 
based on experimental work using the apparatus outlined in Figure 5.2.2. Note that the 
volume of reservoir 2 (V 2) is assumed to be infinitely larger than that of reservoir 1 (V 1 ), 
as is the case with the experimental apparatus used in this thesis. Their experiments 
began with valves 1 and 2 open. Here the pump was used to pressurise the upstream 
volume, the downstream volume and the core to an initial pressure, P. Valve 2 was then 
closed. The system was then left to equilibrate, until a zero differential pressure existed 
in the system. At the start of a run, t=0, they closed valve 1, creating a pressure pulse 
and raising the pressure in V 1 to P 1 . As this incremental fluid generated by the pulse 
flows through the sample into V2, the differential pressure across the sample decreases 
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with time. These observations were used in conjunction with Darcy's law and the one-
dimensional diffusion equation to derive the following solution for the permeability; 
K=(J.LCf/a J )m, 	 (5.3) 
where K is the permeability in Darcys; 4i the porosity (a dimensionless fraction); j.t the 
pore fluid viscosity (cp); Cf the pore fluid compressibility (Atm'); m the slope of curve 
lnAp versus time (sec'); and a 1 here is a transcendental function, determined from a 
look-up chart extracted from page 510 of Carslaw and Jaeger (1959). Permeability is 
calculated by following a number of simple steps (Amaefule et al. (1986)); 
Calculate the ratio of fluid volume to that of the reservoir, A4L/V 1 = Vp/V 1 ; 
Determine a l l, (=J(a1L*V1JV1)),  from the Transcendental Equation Table (Carsiaw 
and Jaeger, 1959). 
Divide a 1 L by L to obtain a 1 ; 
Insert a 1 and other parameters into equation 5.3 and hence determine K (Darcys). 
5.2.2 Pulse Decay Apparatus. 
A new pulse decay apparatus was designed and built to measure the permeability of 
samples during each non-hydrostatic pressure test, in conjunction with the rig described 
in Chapter 4, section 4.2. The design was based on the assumptions and methods 
described in section 5.2.1. The pulse decay apparatus had to link to the existing 
experimental apparatus with a minimal influence on the environmental conditions of the 
test, and on the sample, particularly during pressure pulsing - thus minimising the 
displacement of the sample and its packing. Figure 5.2.3 illustrates the final arrangement 
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of pulse decay apparatus used in this study. The equipment consists of a manifold 
system that supplied pore fluids independently to both cells through a valve arrangement 
closing one cell from the other. This allowed the hydrostatic pressure experiments 
carried out on cell 2 (described in Chapter 4) to be run in parallel with the non-
hydrostatic pressure-permeability experiments described in this chapter, and run in cell 
1. The pore fluid pressure in cell 1 was monitored by a Keller 39.5MPa pressure 
transducer, and ballasted by a SAIP gas bladder accumulator that was also used as the 
upstream reservoir in the permeability experiments. The upstream reservoir was 
assumed to be infinitely larger than the downstream reservoir, as the bladder 
accumulator provided a constant pore fluid pressure supply. 
A typical pulse decay run involved the following steps: 
. The pressure in both the upstream and downstream reservoirs, and across the sample 
were kept constant. This was achieved by keeping valves ii and iv open. Note that this 
pressure was also the system pore fluid pressure, and that valve v was closed at all 
times. The differential pressure was monitored using a factory calibrated Valdyne 
differential pressure transducer that logged the pressure difference via a Keithley data 
logger to Testpoint, a computer data logging program; 
. valves ii and iv were closed (valve numbers refer to those in Figure 5.2.3); 
• a differential pressure (usually of 0.41 -0.48MPa) was produced in the downstream 
reservoir by opening or closing valve iii, a Top Flyte needle valve; 
• valves ii and iv were then opened, allowing a pressure pulse to flow across the sample 
from the higher pressure reservoir to the lower pressure one. The pressure decay was 
monitored using Testpoint. 
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The use of this new experimental set up allowed sample penneabilities to be measured 
using the method described in 5.2.1 in conjunction with the experimental apparatus and 
assumptions made in Chapter 4, section 4.2. 
5.3 Experimental Methodology. 
The methodology of the experiments designed to measure permeability and fluid 
chemistry contemporaneously in real time was very similar to that of the experimental 
work described in Chapter 4. The experiments ran in parallel with the hydrostatic tests 
(Chapter 4), using a dual cell arrangement. Here, one cell was used to study sample 
reactivity under hydrostatic load conditions (described in Chapter 4); while the second 
cell was used to study the effects of applying a differential effective stress to the sample, 
measuring not only fluid chemistry, but also compaction and permeability variation 
(described below). A typical dual-cell experiment was set up as follows: 
The hydrostatic test was set up first, as described in 4.3.2. Valves vi and vii were 
closed, isolating the hydrostatic cell from the rest of the system. (Note that valve i was 
closed throughout this operation). The non-hydrostatic cell was then set up: 
. Valve i was opened, and 1/3 of the total intended Pc was applied to the non-
hydrostatic cell and sample, using a hand-pump driven hydraulic ram. Next, the 
sample tube was plumbed to the corresponding port of the HPLC valve set-up and the 
pistons plumbed to the distilled water supply. 
. Distilled water was pumped into the system to fill the bladder accumulator (Figure 
5.2.3), which supplied a pressure ballast to the pore fluid pressure. The accumulator 
also acted as an upstream reservoir for the permeability studies. The addition of pore 
fluid was stopped when the required pore fluid pressure (measured using by a Keller 
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pressure transducer) was reached. Valves viii and ix were then closed, isolating the 
system from the water source and any other direct external influences. 
The confining pressure was then topped up to the required experimental value and left 
to settle overnight. If, after this time, the pressures (Pc and Pp) had changed 
significantly, they were returned to the experimental conditions and left to equilibrate. 
. Once the pressures of the rig were stable, a pore fluid sample was taken from each cell 
and analysed using the on-line HPLC set-up. A pressure pulse was sent through cell 1 
(as described above) to measure the permeability of the sample. The readings on the 
dial gauge of the non-hydrostatic cell were also noted down for later use to calculate 
rates of compaction. 
Next, the non-hydrostatic cell was heated to run temperature using a thermostatically 
controlled band heater. A number of pore fluid analyses and permeability 
measurements were taken during heating, to measure temperature effect on the 
petrophysical and chemical properties of the gouge. Once the desired experimental 
temperature had been reached, another set of analyses were carried out, and the dial 
gauges were set to zero. This point marked the start of the "true" experiment. 
The hydrostatic pressure cell was then heated, and a similar sampling procedure 
followed. The main difference was that no permeability studies were carried out on the 
sample here, because it is effectively a floating powder suspended by its pore fluid 
pressure. 
A range of environmental conditions and gouge particle sizes were used in these 
studies. The effects of temperature, differing effective pressures and sample particle size 
distributions on pore fluid chemistry, sample compressibility and permeability of fault 
gouge were studied as a function of time. The experiments were; 
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. Nb, run as a test of the equipment, placed a bulk gouge sample under a P of 
20.7MPa, and a Pp of 6.9MPa at 90°C. It was only run for 48 hours, and is not 
presented as part of this thesis. 
Nil ran at 90°C, Pc 20.7MPa, Pp 6.9MPa and used the bulk gouge sample. The main 
aim of this run was to study how gouge reactivity was influenced by the application of 
effective pressure (Pc>Pp), under the same temperature regime as the highest 
temperature batch test. It also served as a test of the apparatus in a "preliminary" run 
status, being the first run to use the pulse decay apparatus to determine sample 
permeability evolution over time. 
NH2 ran at 120°C, Pc 20.7MPa and Pp 6.9MPa. The bulk gouge was used, and pulse 
decay measurements taken at regular intervals. The aim of this run was to study the 
effect of higher temperature on gouge reactivity, compaction and permeability change 
by direct comparison to NH1. This was possible because the only parameter to change 
between these runs was temperature. 
o NH3 ran at 120 °C, used a higher Pc of 34.5MPa, with Pp 6.9MPa. This increased the 
Peff of the system to 27.6MPa (compared to 13.8MPa of previous runs). The bulk 
gouge sample was used, and pulse decay measurements taken. The aim was to 
determine the effects of higher confining pressure and thus higher effective pressures 
on the physical and physico-chemical properties of fault gouge. 
. NIHM 1 to NHM3 studied the reactivity of a bulk gouge of ground Moab sandstone, at 
120°C, under P 20.7MPa and P, 6.9MPa. These runs proved difficult, due to sample 
tube and valve port blockage by ultra-fine gouge particles and residual clays. Because 
of this, experiments were only short running (1 to 48 hours), making them inadequate 
for the study of gouge reactivity over time. 
134 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
NH4 began the study of the reactivity of individual size fractions of artificial Clashach 
gouge under effective pressure. This studied the manner in which component parts of 
fault gouge influence overall gouge reactivity, permeability change and compactability 
over time. It ran at 120 °C, under a Pc of 20.7MPa and a Pp of 6.9MPa, with pulse 
decay measurements during the run. The fine size Clashach fraction (75-125,tm) was 
used in this run. 
NH5 ran at 120°C, Pc 20.7MPa and Pp 6.9MPa, using the coarse Clashach gouge 
fraction (300-425tm). Pulse decay measurements were taken. 
NI-16 ran at 120 °C, using the medium Clashach gouge fraction (180-212tm), Pc 
20.7MPa and Pp 6.9MPa were applied to the sample, and pulse decay measurements 
again taken across the sample. 
Post experimental samples (which were generally weakly indurated) were then 
removed from the cells, and made into stubs for SEM analysis as follows: 
. once removed from the cells, the samples were placed into sample moulds (Figure 
5.4a). The moulds were then placed into an oven at 70-90°C until the samples had 
completely dried. Note that samples that appeared particularly fissile were left in the 
cell and immediately frozen in an attempt to preserve some internal structure at the end 
of the test run, prior to being placed in the moulds; 
o the dried samples were then suspended in a resin bath and allowed to draw resin up 
through the pellet. Petroproxy 154 resin was used, in conjunction with a blue resin dye. 
Once the sample was totally saturated with the resin, it was placed into an oven at 100-
120°C and left to cure; 
• once the resin had hardened, the samples were cut and polished, providing slides for 
standard microscopic study and stubs for SEM studies. 
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5.4 Data Reduction 
5.4.1 Chemical Analysis Data 
The chemical data collected through HPLC analysis of pore fluids (section 5.3) was 
plotted against time for each run, and used to study; 
the influence of temperature on gouge reactivity by comparing the results ofNHl and 
N112, as well as by studying changes in pore fluid chemistry during the initial heating 
of samples, for all runs; 
the influence of effective pressure on gouge reactivity. This was achieved firstly by 
comparing the data from the hydrostatic tests (Chapter 4) results with the non-
hydrostatic tests, allowing comparisons to control systems with no Peff.  Influences of 
effective pressure were also studied by comparing NI-12 and NH3, runs whose 
variables were held constant with the exception of Pc (and thus P. which was raised 
by 13.8MPa (above that of NI-12) during NH3; 
the variation of gouge reactivity with differing size fractions of gouge, under a variety 
of effective pressures (P eff). This was achieved by reacting a number of fractions of 
gouge as well as bulk gouge samples (refer to section 5.3) and comparing the resultant 
data. Comparisons of this work to that of Chapters 3 (through extrapolation of the 
batch test data using the Arrhenius equation) and 4 allowed the unique determination 
of the influence of effective pressure on gouge reactivity. 
5.4.2 Pulse Decay Data and Permeability Studies 
The pulse decay data gathered during the experimental work of this thesis was used 
to calculate permeability values and permeability change over time for each experiment 
using equation 5.3 in section 5.2.1. 
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To use equation 5.3 to determine permeability, gouge porosity had to be calculated 
for samples at each time interval in which a pressure pulse was sent through the sample. 
This was done as follows; 
• the weight of gouge used to make each pellet was noted before it was packed into the 
cell. Assuming the gouge was composed of 90% quartz and 10% potassium-feldspar, 
as is typical of Clashach sandstone (Ngwenya et al., 1995), the average density of the 
sample constituents was calculated. This was found to be 2.67g/cm 3 ; 
• the weight of a 0% porosity gouge pellet of the same dimensions as the sample was 
calculated, using the volumes and densities of the sample pellet and its constituent 
materials; 
• the porosity of the gouge pellet was then calculated by comparing the weight of the 
actual pellet to that of the theoretical zero-porosity pellet. The fractional differences 
between these values represent the amount of porosity initially present in the sample; 
The measured permeabilities are a combination of the response of the overall system, 
which consists of the rig plumbing as well as the gouge sample. Although dead volumes 
and internal diameters of the relevant tubes in the rig have been kept to a minimum, 
actual permeability values still included storativity terms from the apparatus, yielding 
systematically higher values of permeability in each sample. Such experimental artefacts 
were removed by a series of control tests, allowing quantitative values of permeability to 
be derived from the measured relative permeability values. This was achieved by 
determining the apparent permeability of the apparatus with a sample of 100% 
permeability, using a plastic ring between the steel fits, or a sample of known 
permeability. The process was repeated a number of times to ensure the variations in 
permeability measured during the rig-runs were indeed due to the sample and not 
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fluctuations in the system. The contribution to the permeability of the system was found 
to be approximately 30 milli-darcies. Absolute values of permeability were then 
determined by subtracting the system permeability from the measured sample 
permeabilities. 
5.4.3 Compaction Data 
Data from the dial gauges of the non-hydrostatic pressure tests (namely the changes 
of their readings over the time of the runs) was used to determine the average axial 
compaction, and rates of compaction of the sample throughout the duration of each 
experiment. The trends of these values were used to determine the influence of 
compaction on gouge reactivity when combined with chemical and permeability data 
(Figure 5.5.4). 
5.4.4 SEM Studies 
After the test, the originally loose gouge fragments were observed to be weakly 
lithified due to diagenetic cementation associated with mineral dissolution and 
precipitation. Optical and scanning electron microscopy was used to study the diagenetic 
and physical changes that had occurred due to the action of physico-chemical processes 
on them over time. The post-experimental gouge pellets from each run were made into 
thin sections and "stubs" for microscope analysis (described in section 5.3) for a number 
of reasons; 
1) to study the general properties of the gouge after the test. For example, whether the 
ultra-fine particles had been removed from the system (or at least dissolved and re- 
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precipitated as larger features); whether "etch pits" were present; whether surface 
roughness had smoothed and whether any precipitation had occurred; 
2) through the use of Cathode-Luminescence (CL) imagery, to look for evidence of 
phyisico-chemical processes acting on the gouge during each run. 
5.4.5 Determination of Dissolution and Precipitation Rates and Rate Constants. 
The influence of pressure, temperature, and particle size distribution on fault gouge 
reactivity was quantified by determining the rates of physico-chemical dissolution and 
precipitation as a function of these variables for each reaction studied in this thesis. The 
reaction rates and rate constants of the non-hydrostatic pressure tests were determined 
using the rate model introduced in section 4.5.1. The model was used to fit an "ideal" 
dissolved silica concentration curve (with known rate values) to the experimental data of 
each experiment. Because the model has known rate values, a good fit to the 
experimental data will provide a reasonable estimation of the rates of that reaction. 
Figure 5.5.7 presents all of the model fits for the non-hydrostatic pressure tests, while 
Table 5.5.2 summarises the rate values for these tests, determined using the 
thermodynamic model. The rate values are also presented in section 5.5, and are 
discussed later in Chapter 6. 
5.5 Results 
The results of the non-hydrostatic pressure tests described in sections 5.1 to 5.4 are 
presented below. The experiments were designed to determine the influence of effective 
pressure; temperature and gouge particle size distribution on the reactivity; compaction 
and permeability evolution of quartz rich, artificial fault gouge over time. Particular 
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interest was taken in the comparison of these results with the results of Chapters 3 and 
4, as this allowed an insight into the influence of pressure, temperature and particle size 
distribution on gouge reactivity over a wide range of controlled experimental conditions. 
Post experimental samples were analysed using a scanning electron microscope (using 
both standard and cathode-luminescent methods), to provide optical evidence of the 
processes inferred from the experimental data. 
The experiments described in this chapter ran at 90°C and 120°C. The first 
experiment reported, N111, ran at 90'C, allowing an overlap of conditions (with the 
exception of applied pressure) with the batch tests of Chapter 3, which were run at 
temperatures up to 90°C. This provided an experimental control between each of the 
different test types described in this thesis. The remaining experiments ran at 120°C, 
allowing an overlap of conditions between the hydrostatic (Chapter 4) and non-
hydrostatic pressure tests. Extrapolation of the batch test data to 120°C, using the 
Arrhenius equation, allowed the study of the influence of applied pressure on the 
reactivity of artificial, quartz rich fault gouge. Equilibrium concentration values were 
predicted for the dissolution reactions using SUPCRT 92, developed by Johnson et al. 
(1991). Values were calculated for each of the environmental conditions of the non-
hydrostatic pressure tests, but were unable to be determined for each particle size 
distribution used. Only general values for each set of conditions were determined. These 
values are summarised in Table 6.1. 
5.5.1 Chemistry 
Figure 5.5.1 summarises the measured dissolved silica concentration versus time 
plots for each of the experiments run under non-hydrostatic pressure conditions. The 
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general trends show that dissolution rates (k a) and equilibrium concentrations (A 0) 
increased with increasing temperature. This is illustrated by comparing NH1 (run at 
90°C, using a bulk gouge sample, and an effective pressure of 13.8MPa) with NH2 (run 
at 120°C, using a bulk gouge sample, and an effective pressure of 13.8MPa), which 
produced rates of 5.25x10 10 and 7.15x10 10 molcm 2s' respectively. This is consistent 
with the batch test results, which suggested that increasing run temperatures increases 
rate of reaction. 
Chemical reaction rates (dissolution and precipitation) and equilibrium 
concentrations were determined for each of the tests (NH 1-6) by fitting modelled 
concentration versus time curves, produced using the kinetic model described in section 
5.4.5, to the experimentally determined concentration versus time data (summarised in 
plot 5.5.1 and Table 5.5.1). This allowed the calculation of the reaction rates of each of 
the experiments described in Chapter 5. The rate values (dissolution and precipitation 
rates, and dissolution and precipitation equilibrium concentrations) are presented in 
Table 5.5.2 and plotted against the experimental data in Figure 5.5.7 below. 
5.5.2 Pressure 
A comparison of RR3 (run with an effective pressure of 13.8MPa) and NH3 (run 
with an effective pressure of 27.6MPa using the same gouge sample and temperature as 
NH2), plotted in Figure 5.5.1, shows that the dissolution rate (ka) and equilibrium 
concentration (A0) were both greater for NH2 (7.15x10 10 molcm 2s' and 2.35x10 3 
molL) than NH3 (6.29x10 3 molcm 2s1 and 1.85x10 3 molE' respectively). A 
comparison of the results from the experiments presented in Chapters 3 and 4 (batch test 
and hydrostatic pressure test respectively) shows that the equilibrium concentration 
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increases considerably with the application of effective (and thus non-hydrostatic) 
pressure, suggesting that the associated point contact loading and (potentially) shearing 
increased gouge reactivity. This implies that pressure solution may have acted on the 
samples. 
5.5.3 Particle Size Distribution 
The trends observed in Figure 5.5.1 show that the particle size distributions strongly 
influenced gouge reactivity, with increasing surface areas (and thus decreasing particle 
sizes) leading to linear increases in rate, i.e. from the coarse- (300-425tm); to medium-
(180-212M); to fine (75-125.tm) gouge fractions. The bulk gouge fraction superseded 
the individual fractions, and was generally found to be the most reactive gouge sample 
of all. This suggests that gouge reactivity was surface area dependent, with the bulk 
sample having the highest surface area due to the presence of ultra-fine particles on its 
grain surfaces. This observation is consistent with the batch tests, and confirms that the 
analytical standard used for the medium size fraction was probably degraded. Some 
variations in reactivity trends were observed. These are discussed in Chapter 6, and 
summarised in point form below. (Note that each of the rate values described below 
were determined using the rate model discussed in section 5.4.5). 
*The pseudo-equilibrium dissolution concentration, A0, was greatest for the fine gouge 
fraction, N}14 (2.92x10 3molL); followed by the bulk fractions (NH2 - 2.35xlO 
3molL'; NH I - 2.1 xl O 3molL; and NH3 - 1. 85x 10-3  moIL-1 );  and then the coarse 
gouge fraction, NH5 (8.72xl0 3molL'). NH6 (medium fraction) yielded an 
anomalously high value of4.75xl0 3molL* 
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*The rate of dissolution (k a) showed a different trend to A 0, with the bulk gouge yielding 
the highest rates (NH2 - 7.15xlO °molcm2 s 1 ; NH3 - 6.92x10 °molcm 2s and NH1 - 
5.25x 10- 1 Omolcm-2s- 1  respectively). These were followed by the coarse gouge fraction, 
NH5 (5.OxlO 10molcm 2s); the fine gouge fraction, NH4 (3.Ox1O' °molcm 2s) and the 
medium gouge fraction, NH6 (2.65x10' °molcm 2 s 1 ). 
'The precipitation equilibrium rate constant values (Ia)  showed a similar trend to the ka 
values. Here, the NH2 bulk gouge value (1.1 8x 1 0 3molL) was the greatest, followed 
by the N114 fine gouge sample (2.OxlO 4molU 1 ). The remaining runs (NH1; NH5 and 
NH6) all yielded the same value of 1.5xl0 5molU 1 . 
'Particle size distribution appeared to have a minimal influence on precipitation rates 
(kb) within the gouge, with the bulk gouge of NH2 yielding a rate of 1.15x10 -12molcm 
21 while the remaining gouge samples all showed a rate of less than l.OxlO 12molcm 
5.5.4 Compaction 
The axial compaction of samples was measured over the duration of each 
experiment, using factory calibrated mechanical dial gauges. NH 1, and NH3 - NH6 all 
showed the same general compaction trend (illustrated in Figure 5.5.4). Here, the 
samples all showed an early parabolic compaction trend, followed by a more linear rate. 
All of the curves began to level out at approximately 0.02cm of compaction, yielding an 
average compaction rate (for the linear phase of the curves) of 1.8x 1 W 5cm/hr. The 
compaction observed in RR3 was the only exception to this trend. Although the general 
curve shape was the same as the previous curves, the exponential rate was much faster. 
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This means that the linear curve does not develop until there has been 0.06cm of 
compaction. The linear rate of compaction for N112 was 3.2e -5  cm/hr. 
5.5.5 Permeability 
Figure 5.5.5a and b illustrate the evolution of permeability for each of the non-
hydrostatic pressure tests over time. The data has been separated into two plots because 
some experiments provided reasonably consistent permeability trends (NH 1; NH3; NH4 
and the early part of N112), while other runs produced more scattered, random 
permeability values (the latter part of N112; N115 and NI-16). The random values are 
likely to caused by the flushing of fines into the flits placed either end of the samples 
(described in sections 4.2 and 4.3). The fines then act to block parts of the flit, resulting 
in inaccurate, and often randomly distributed apparent sample permeabilities. The fines 
flushing is an artefact of the pulse decay technique used to measure permeability, 
primarily because this method is not suited to measuring the permeability of relatively 
high sample permeabilities (see section 5.2). Pressure pulsing was, however, the only 
technique that could be employed to allow the simultaneous measurement of both pore 
fluid chemistry evolution and sample permeability. Figure 5.5.5a summarises the more 
reliable permeability data, while Figure 5.5.5b shows the more scattered data, for 
experimental completeness. The main permeability trends for each run are now 
summarised. 
.NH 1 showed an early parabolic increase in permeability, followed by a rapid levelling 
off to a steady state value of approximately 7 milli-Darcys (md). 
•NH2 showed an early linear increase in permeability that developed into a more 
random scatter after approximately 2-300 hours. 
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.NH3 initially exhibited an early, rapid increase in permeability (up to -150md), then 
appeared to decrease to around 50md after 200 hours. This is only a general trend, with 
the data showing too much scatter to be able to assign a good line of fit. 
•The permeability of the NH4 sample generally evolved at a linear rate of 0.1 Smd/hr, 
peaking at approximately 1 7Omd. The data still showed some scatter. 
*The permeability data for NH5 's sample shows a fairly random scatter. The data does, 
however, show a very general increase in permeability over time. 
•NH6 shows a completely random trend. The data is not reliable, but is included for 
completeness. 
In general, permeabilities increased despite associated increases in sample 
compaction. This suggests that the accompanying chemical dissolution may have 
produced secondary porosity during compaction. 
5.5.6 Scanning Electron Microscopy 
5.5.6.1 Undeformed Artificial Fault Gouge. 
Figures 5.5.6. 1 a-h illustrates SEM images (under both SE and CL light) of each of 
the different types of artificial fault gouge used in the experiments described in this 
thesis. The samples are all undeformed, representing a pre-experimental state. 
The bulk gouge material, illustrated by Figure 5.5.6.1a and b, was poorly sorted and 
consisted of angular to sub-rounded grains, scaling up to approximately 400pm in 
length. The sample mainly contained grains less than 100pm in diameter (approximately 
80%), which formed the matrix of this primarily matrix supported sample. Under CL 
light, a number of the grain fragments were seen to have overgrowths on them (for 
example, the 3 large grains in the top right of Figure 5.5.6.1b). 
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The finest gouge fraction (75-125tm) is illustrated in Figures 5.5.6.1c and d. The 
sample was a fairly well sorted gouge, consisting of angular to sub-angular grains. There 
were some speckles on the grain surfaces, which are ultra-fine grains. This suggests that 
the cleaning process was not completely effective. Under CL light, the sample showed 
evidence that the pre-deformation grains had overgrowths on them. 
The medium sized gouge fraction (Figure 5.5.6.1 e and 0 was a fairly well sorted 
gouge with sub-rounded grains. Some ultra-fine grains appeared to be attached to the 
larger grain surfaces. A number of grains also had overgrowths around to them, visible 
under cathode-luminescent light (Figure 5.5.6.10. 
The coarse gouge fraction was moderately to well sorted, and had a grain size similar 
to that of the host rock. The grains were generally rounded to sub-rounded, which was 
typical of the host rock, an aeolian sandstone. Under CL, most grains appeared to have 
overgrowths associated with them. 
5.5.6.2 Deformed Samples. 
The samples described below represent the post-deformation samples from each of the 
non-hydrostatic pressure tests. 
NH! 
Figures 5.5.6.2a - d illustrates the post-deformation sample from RR.2, which ran at 
90°C, 20.7MPa confining pressure, and 6.9MPa pore fluid pressure for 450 hours, using 
the bulk gouge sample. Figures 5.5.6.2a and b show general SE and CL images of the 
sample respectively. They show a matrix supported gouge, consisting of sub-angular to 
sub-rounded grains. (The matrix consisting of very fine granular material). A number of 
the grains have overgrowths on their surfaces, seen under CL. Figures 5.5.6.2c and d 
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show a close-up of part of the NH 1 gouge under SE and CL respectively. Here, the top, 
central grain has an overgrowth on its edge (visible under CL), while the central grain 
contains a fracture that has been influled by quartz. 
NH2 
Figures 5.5.6.2e - h illustrate the post-deformation gouge sample from NH2, which 
ran at 120°C, 20.7MPa confining pressure, and 6.9MPa pore fluid pressure for 850 
hours, using the bulk gouge sample. Figures 5.5.6.2e and f show a general image of the 
post-deformation gouge sample, under SE and CL respectively. The sample has a mixed 
matrix and grain supported structure, consisting of sub-rounded to sub-angular grains. 
Some grains have developed an interlocking texture with others, as highlighted by 
grains A and B in Figure 5.5.6.2e and f. Other grains contain infilled fractures. For 
example, in Figure 5.5.6.2f the grain to the bottom left of grain B appears to contain 
Hertzian-type fractures. These may have developed as the grain compacted against grain 
B. Grain G appears to have an overgrowth on its left side that entrains smaller 
surrounding grains. Figure 5.5.6.2 g and h shows a close-up of part of the NH2 gouge 
sample. Here, grains A and B show a pronounced interlocking fabric, with grain A also 
having a quartz overgrowth around part of it (seen under CL light). 
NH3 
Figures 5.5.6.2i and j show a general image of the post-deformation NH3 sample, 
under SE and CL light respectively. The sample is matrix supported, and is made up of 
rounded to sub-rounded grains. Approximately 75% of the sample is made up of grains 
less than 1 7Otm in diameter. Under CL, the grains show evidence of mineral 
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overgrowths and interlocking grain textures. Both of these features are well illustrated 
by grain A in Figures 5.5.6.2i and j. This grain is enlarged in Figures 5.5.6.2k and 1. 
Here, grains A and B exhibit an interlocking texture, while grain A also has a mineral 
growth ring around it (visible under CL). Under SE, grain A also shows dissolution etch 
pits and traces, as described by Gratz et al. (1990). Grains C and D show a well 
developed interlocking texture under CL. 
Figure 5.5.6.2m and n show a hertzian fracture that appears to have formed at the 
grain contact between grains A and B, with grain A showing a well developed fracture. 
This is particularly well illustrated in Figure 5.5.6.2m, under SE. Under CL light (Figure 
5.5.6.2n) the fracture is seen to be infihled by silicate (quartz), suggesting that some syn-
experimental precipitation may have occurred. 
NH4 
NH5 represents the deformed fine gouge fraction (75-125jim), and is illustrated in 
Figure 5.5.6.2o to r. Figures 5.5.6.2o and p show a general view of the sample (under SE 
and CL respectively), which appears grain supported, and consists of sub-angular to sub-
rounded grains. Under CL, a number of grains have mineral overgrowths present. Figure 
5.5.6.2q and r show a blown-up section of the NIH5 sample taken from the non-
hydrostatic pressure cell. Grains A and B here show a clear interlocking texture under 
both SE and CL light. 
NH5 
Figure 5.5.6.2s to t shows a general picture of the deformed sample taken from the 
non-hydrostatic cell of NH5, which used the coarse (300-425tm) gouge fraction. The 
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sample is clast-supported, and consists of a series of well sorted, rounded to sub-
rounded grains. Under CL, the sample is seen to contain some grains with mineral 
overgrowths (e.g. grains A to C), as well as grains with flattened contacts (e.g. grains D 
and E). 
NH6 
The micrographs from N116 represent the non-hydrostatically deformed intermediate 
gouge fraction, and are presented in Figure 5.5.6.2u to x. Figures 5.5.6.2u and v give an 
overall view of the sample under SE and CL respectively. The sample is a grain-
supported, well sorted gouge, consisting of sub-rounded to angular grains. A large 
number of grains are seen to have overgrowth textures under CL, with some also 
exhibiting flat grain contacts. Figure 5.5.6.2w and x shows a magnified section of the 
N116 sample. Grain A in the centre of the figure shows evidence of grain overgrowths 
under CL. 
The flat grain contacts suggest that pressure induced dissolution has occurred at point 
contacts between these grains. This is an important process related to pressure solution. 
It must, however, be noted that insufficient volumes of quartz are likely to have 
dissolved over the timescale of the experiments presented in this thesis, to produce the 
large scale indentations and interlocking textures observed in Figure 5.5.6.2. Due to the 
relatively slow dissolution and precipitation rates of silica (under the experimental 
conditions of the NH test suite), the features that would have been produced by pressure 
solution are more likely to be on the nanometre scale. Unfortunately, this theory cannot 
be tested, as reliable pore fluid volumes (required to calculate volumes of dissolved 
material) could not be determined in these experiments. The most reliable evidence for 
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pressure solution and pressure induced dissolution occurring in the experiments of 
Chapter 5 was seen in NH3. Here, dissolved silica concentrations initially increased to a 
super-saturated level, then decreased (suggesting precipitation of silica) until the 
concentrations reached chemical equilibrium. Most of the samples recovered from the 
non-hydrostatic tests were found to be weakly indurated (compared to the loose powder 
state at the start of each test), this is further evidence that the samples underwent some 
form of pressure induced dissolution and strengthening. 
5.6 Summary. 
The final suite of experiments, designed to allow further understanding of the 
reactivity of gouge rich experimental fault zones, have been presented. They concerned 
the reactivity of artificial fault gouge under effective pressures ranging from 1 3.8MPa to 
27.6MPa in comparison with the control tests of Chapters 3 and 4. This was achieved by 
placing the samples under confining pressures ranging from 20.7 to 34.5MPa, and 
maintaining a constant pore fluid pressure of 6.9MPa. The temperature dependence of 
gouge reactivity was also studied, both by running experiments at different temperatures 
(90 and 120°C) while maintaining all other variables at constant values, and by studying 
the change in dissolved silicate concentration as each run is heated to the required 
experimental temperature. The reactivity of different particle size distributions have also 
been studied, by using both bulk artificial gouge samples and individual sieved size 
fractions of gouge in different experiments. The standard sieve fractions used were 75-
125pm, 180-212jim and 300-425pm. 
A new apparatus was designed, commissioned, and used to determine the changing 
permeability of the samples during the length of the experiment. A transient pulse decay 
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method was used to measure sample permeability. This was preferred to a flow-through 
method, as it involved no flushing of fines from the sample. It also minimised pore fluid 
dilution, enabling an accurate determination of pore fluid chemistry via on-line HPLC 
analysis. 
The quantitative chemical model developed in Chapter 4 was used to determine rate 
constants and equilibrium values of the reactions being studied in this chapter. The 
results of the experiments presented in Chapters 3, 4 and 5 were then compared to the 
modelled values. The results show that the application of non-hydrostatic stress to 
artificial fault gouge caused an increase in chemical reaction rates compared to both the 
batch and hydrostatic pressure tests. The experiments also showed that temperature, 
pressure and sample surface area had a positive effect on chemical rates and sample 
compaction. Permeability also tended to increase over the length of each experiment, 
with the exception of NH2 and NH6, which showed an exponential decrease in 
dissolved silica concentration in the letter part of each experiment. The experiments also 
showed optical, physical and chemical evidence to suggest that pressure solution and 
Ostwald ripening had affected the system. 
In the next chapter, I discuss the results and methods of the last three chapters and 
provide a synthesis of these results, along with the implications for future experimental 
studies into the reactivity of gouge rich fault zones. 
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Table 5.5.1: Table summarising measured and modelled dissolved silica concentrations 
(ppm) for each of the non-hydrostatic pressure tests. Experimental conditions are 
summarised in Table 2.2. 
Run Time Dissolved Run Time Dissolved Run Time (hrs) Dissolved Silica 
NHI 21.00 76.54 NH3 18.50 11.72 NH5 30 49.33 
24.00 78.44 19.17 14.2 52 50.86 
- 29.00 85.46 19.33 14.87 78 - 90.87 
45.00 115.90 - 19.5 27.07 102 75.46 
49.50 99.12 19.67 54.77 125 51.78 
70.00 107.50 20 85.3 196 81.79 
79.00 113.00 27 121.6 244 77.65 
95.50 186.20 - 46.5 154.7 - 320 98.6 
146.01 180.50 69 132.7 365 88 
168.5 170.20 93 206.2 414 81.1 
217.5 165.30 - 116 141.4 460 85.24 
329.0 196.90 164 172.5 534 106.4 
361.5 169.70 236 199.1 580 99.8 
1435.51 200.80 284 172.2 629 83.98 
NH21 19.501 1530 - 332 179.5 701 83.69 
119.671 24.10 NH4 19.25 3.73 - 750 82.1 
19.83 46.89 - 19.50 5.00 NH6 18.50 11.20 
- 20.00 81.32 - 19.75 5.48 19.50 20.20 
21.00 105.50 - 20.00 20.49 - 19.83  72.00 
- 28.50 140.10 - 21.00 26.93 - 20.00  24.20 
39.50 39.90 - 44.00 108.60 21.00  70.90 
92.00 151.60 65.50 204.10 42.50 201.40 
14.5 1 59.60 112.00 197.00 68.00 224.50 
39.0 158.40 161.00 183.90 1 	95.00 246.20 
70.5 124.80 233.00 205.20 114.50 260.20 
1194.01 147.00 - 279.00 266.20 - - 162.50 304.20 
- 246.5 178.40 - 329.00 247.00 - 209.50 348.10 
290.0 176.20 - 393.00 239.30 - 282.50 325.60 
329.0 148.70 436.00 279.50 332.00 360.00 
- 432.5 163.70 - 556.00 283.00 - 379.00 403.50 
1504.0 1 152.90 - 600.00 276.30 - - 427.00 406.50 
543.0 120.20 - 651.00 271.60 - 476.00 384.20 
660.0 114.20 723.00 346.10 523.00 379.50 
- 757.0 123.00 1 771.00 348.40 - 594.50 371.70 
826.5 120.70 818.00 367.80 1 	642.50 361.40 
NHS 29.00 60.98 687.5 1 	342.1 
29.50 52.55 762.5 228.3 
2967 4796  
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Table 5.5.2: Table summarising the reaction rates for each of the non-hydrostatic pressure 
tests. The modelled concentrations and reaction rates were determined using the kinetic 
model described in 5.4.5. Dissolution and precipitation rates (k a and k1, respectively) are in 
molcm 2s; while dissolution and equilibrium concentrations (A0 and lo respectively) are 
given in molE'. Peff  is the effective pressure (Pc-Pp); and K is the ratio kb:ka  (discussed in 
6.2.4.6). 
Run Gouge Used Peff(MPa) T (°C) ka A0 kb lo K 
RR2 Bulk 13.8 90 5.25E-06 2.10E-03 1.00E-08 1.20E-05 0.00190 
RR3 Bulk 13.8 120 7.15E-06 2.35E-03 1.15E-06 1.18E-03 0.16084 
RR4 Bulk 27.6 120 6.92E-06 1.85E-03 1.00E-08 1.25E-05 0.00145 
RR8 Fine 13.8 120 3.00E-06 2.92E-03 1.00E-09 2.00E-04 0.00033 
RR9 Coarse 13.8 120 1 5.00E-06 8.85E-04 I 1.00E-08 1.00E-06 0.00200 
RRIO Medium 13.8 120 1 2.65E-06 4.75E-03 1.20E-07 1.00E-07 0.045283 
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P1 
Figure 5.2.1: Schematic diagram of the pulse decay apparatus used by Brace (1968). 








Figure 5.2.2: Schematic illustration of the experimental set up used by Bourbie and Walls 
(1982). 
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Figure 5.2.3: Illustration of the experimental apparatus developed and used in this study to 
measure sample permeability via the pulse decay technique. 
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Figure 5.2.4: Schematic illustration of the sample mould used to press gouge samples prior 
to loading into the experimental cell. 
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Comparison plot of the dissolved silica versus time curves for 
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Figure 5.5.1: Comparison plot of each of the experimentally determined non-hydrostatic 
pressure test concentration versus time curves. Run conditions are summarised in Table 2.2. 
Comparison plot of compaction versus tune curves for each of 
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Figure 5.5.4: Comparison plot of the axial compaction versus time data for each of the non-
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Compaison plot of permeability versus time for each of 
the Non-hydrostatic pressure tests (clear trends). 
Figure 5.5.5a: Comparison plot of permeability evolution over time for non-hydrostatic 
pressure tests that yielded reasonable permeability data. Experimental conditions, and 
sample size fractions used are summarised Table 2.2. 
Comparison plot of permeability versus time for each 
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Figure 5.5.5b: Plot of the permeability data from the remaining non-hydrostatic tests. 
Notice that most of the data yield random trends. This is is explained in section 5.5.5 of 
the text. Note that NH2 shows a reasonable positive linear trend for the first 2-300 
hours, then becomes more random. Experimental conditions, and sample size fractions 
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Figure 5.5.6.1: SEM images (under SE and CL light) of undeformed samples of the artificial 
fault gouge samples used in this study. Here, a) and b) represent the bulk gouge sample; C) 
and d) show the fine gouge fraction (75-125p.m); e) and 0 illustrate the intermediate gouge 
fraction (180-2I2Mm); and g) and h) show the coarse gouge fraction (300-425Mm). 
Figure 5.5.6.1 
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Figure 5.5.6.2: SEM images of deformed gouge from each of the non-hydrostatic pressure 
tests, under both SE and CL light. Here, a) to d) represent NI-Il; e) to h) show samples 
from NH2; i) to 1) illustrate samples from NH3; o) to r) are taken from the NH4 sample; s) 
and t) show the NH5 sample; and u) to x) represent NH6. 
These images are interpreted in 5.5.6. 
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Figure 5.5.6.2 (Continued) 
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a Predicted trend for test NH1. Model used A 0=2.1e 3molL 1 ; 
ka=5.25e 10mOlCm 2 S 1 ; 10=1 .2e 5molL 1 ; k=1 .Oe- 12mo1cm 2s'. 
Run at 90°C; 20.7MPa P;  6.9MPa P; with bulk gouge. 
Figure 5.5.7a-f: Comparison plots of experimentally determined and thermodynamically 
modelled concentration versus time values for the non-hydrostatic pressure tests of 
Chapter 5. 
b Predicted trend for test NH2. Model used A 0=2.35e 3 molL'; 
ka 7.1 5e 10molcm 2s 1 ; l=1 .1 8e 3molL 1 ; kb=l .1 5e 12molcm 2s 
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C 	Predicted trend for test NH3. Model used A0=1.85e 3molL 1 ; 
ka=6.29e' °mOlcm 2S'; 1,=1.25e 
3M oIL- '; k=1 .0e' 2molcm 2s'. 













d 	Predicted trend for test NI-14. Model used A0=2.92e 3molL 1 ; 
ka=3.0e 10molCm 2s 1 ; 1 0=2.0e 4molL'; k=1 .0e 13mo1cm 2s'. 
Run at 120°C; 20.7MPa P;  6.9MPa P; with 75-125p.m gouge. 
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Figure 5.5.7 (Continued) 
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Predicted trend for test NI-15. Model used A 0=8.85e 4molL'; 
e 
	
	=5.Oe - ' °moIcm -2 s -1 ; 1 0=1 .OemolL - '; kb=l .2e 12 mo1cm 2s'. 
Run at 120°C; 20.7MPa P; 6.9MPa P; with 300-425p.m gouge. 
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f 	Predicted trend for test NI-16. Model used A 0=4.75e 3moIL 1 ; ka 2.65e' °molcm 2s 1 ; 0=1 .0e 7mo1L 1 ; k=1 .2e 11 molcm 2s'. 


















Figure 5.5.7 (Continued) 
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Chapter 6: Discussion 
6.1 Introduction 
The experimental work conducted towards this thesis, (and presented in Chapters 3 to 5), 
described a unique series of controlled experiments designed to elucidate the mechanisms 
and rates of silica precipitation and dissolution for quartz rich artificial fault gouges, under a 
range of environmental conditions. The artificial gouge was made by mechanically grinding 
Clashach sandstone into a powder, which was then divided into a "bulk" gouge sample, 
representative of the freshly ground sandstone, and a series of gouge fractions. These 
fractions were produced by sieving the gouge using standard sieve sizes, (75-1 25i1m; 180-
212j.tm; and 300-425j.tm). The grinding technique used to produce the gouge was employed 
with the intention of creating a "realistic" fault gouge. The particle size distribution of the 
bulk gouge sample showed a fractal or power law trend (Figure 3. 1), with a fractal dimension 
of 2.46. This value is close to the value of 2.60, determined for natural quartz rich gouge by 
Sammis et al. (1986, 1987), showing that the bulk gouge used in this study provided a good 
analogue for a natural quartz rich fault gouge. The ultra-fine particles were removed from the 
gouge fractions to allow an accurate study of the reactivity of each particle size, although 
later analysis showed that a small fraction of these remained coated to larger grains in each of 
the size fractions. The presence of ultra-fine grains would have produced an overestimate of 
sample surface area, and thus inaccurate reaction rates. 
The experimental protocol in this thesis consisted of three suites of experiments; 0.1 MPa 
hydrostatic batch experiments (or batch tests); high-pressure hydrostatic tests; and high-
pressure non-hydrostatic tests, representing an increased degree of complexity and realism 
with respect to natural fault zones. 
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The experiments began with a suite of batch tests (described in Chapter 3) designed to 
study the purely chemical reactivity of the gouge samples under atmospheric pressure, for a 
range of temperatures (25, 50, and 90°C), and particle size distributions (bulk gouge, and 
fine, medium and coarse fractions). The remaining experiments followed on from the batch 
tests in a stepwise fashion, gaining an element of complexity with each new experimental 
suite. Here, all experimental parameters (e.g. temperature; effective pressure) except one 
were held constant between each suite, maintaining a control within the system. 
The second suite of experiments (described in Chapter 4) consisted of hydrostatic pressure 
tests. Here, artificial gouge samples were placed under pressure (confining and pore fluid 
pressures of 6.9MPa), at 120°C. This enabled a study of the influence of an applied zero-
effective pressure on gouge reactivity, by comparing the rate data with that of the batch tests, 
which ran at atmospheric pressure. 
The final set of experiments (described in Chapter 5) ran under non-hydrostatic pressure 
conditions (using confining pressures between 20.7 and 34.5MPa, and a pore fluid pressure 
of 6.9MPa), at temperatures between 90 and 120°C. This range of temperatures overlapped 
with both the batch tests and the hydrostatic pressure tests, maintaining an element of 
experimental control between each suite of tests. This control allowed the direct comparison 
of the reactivity of each gouge sample over a range of environmental conditions. It also 
enabled the determination of the influence of pressure, temperature, and particle size 
distribution on gouge reactivity over time. 
Each of the experimental suites measured the evolving concentrations of dissolved silica 
using HPLC, from which chemical reaction rates were calculated using either the linear 
model (3.4), or the kinetic model described in 4.5.1. Here, micro-volumes of pore fluids were 
sampled for HPLC analysis using a novel apparatus designed to remove the fluids without 
perturbing the fluid chemistry (described in section 5.2). The non-hydrostatic pressure tests 
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also used new experimental apparatus to simultaneously measure axial sample compaction 
and permeability evolution over the length of each experiment. This allowed the 
determination of the influence of pressure, temperature and particle size distribution on pore 
fluid chemistry; sample permeability and compaction over time. The environmental 
conditions used in the non-hydrostatic tests were representative of a shallow crustal 
environment. The ability of gouge to seal, heal, or open under these conditions is important, 
particularly in relation to the ability, of a fault to act either as a conduit or a barrier to fluid 
flow. This has important implications for hydrocarbon recovery; ground water flow, and 
pollution migration within the crust. 
The main aims of this chapter are to discuss the experiments (summarised above) and 
associated results, presented in Chapters 3 to 5, and compare these with the previous 
literature related to fault sealing, (presented in Chapter 2). The common trends between each 
of the experimental suites are discussed first, followed by a discussion of the trends of results 
from each of the individual suites in turn, particularly those that deviated from the observed 
general trends. The chapter then concludes with a discussion about potential future work, and 
improvements that may be made as a follow-up to this experimental investigation. 
6.2 Discussion of Results 
6.2.1 Common Trends Shared by each Experimental Suite. 
Despite the variation of environmental conditions between each of the experimental suites 
outlined above, the results shared a number of common trends that can be explained by 
similar processes. In general, the dissolved silica versus time curves for each of the 
experimental suites (Figures 3.5.1; 4.5.1; 5.5.1 and 6.2.3.1) yield the same shape. Here, the 
early part of each curve had a transient decelerating trend, while the remaining portion tended 
to produce a linear trend. Holdren and Berner, (1979) and Lasaga, (1981), suggested that the 
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early trend was due to the rapid dissolution of ultra-fine particles present on larger grain 
surfaces. Figure 2.3.2b shows that, despite using an extensive cleaning program in this study, 
some ultra-fine grains still remained on sample surfaces at the start of each run. These 
contaminant grains may account for the remaining early transient trend seen in the 
dissolution curves, along with the rapid dissolution of other high energy sites such as 
dislocation cores and fracture edges. It must, however, be noted that a number of the 
hydrostatic and non-hydrostatic dissolution curves did not yield this two stage trend. The 
tests that deviated from the two stage trend generally correspond with tests where; (i) 
precipitation occurred in the system. Here, the concentration versus time curve develops into 
a negative slope, as the dissolved silica concentration decreases (as silica precipitates out of 
the pore fluid), and later evolves into a flat, linear curve as the system reaches chemical 
equilibrium (e.g. NH2); (ii) pore fluid chemistries may not have developed to the "steady 
state" dissolution condition found in the batch tests (and thus remain in the exponential 
dissolution stage of the reaction, e.g. H2 and H4), due to the elevated pressure and 
temperature conditions of the hydrostatic and non-hydrostatic tests. If the latter two 
experimental suites had been allowed to run longer (not possible during the timescale of this 
PhD), they may have evolved either into the linear dissolution phase, or into a precipitation 
affected curve, if the pore fluids became chemically unstable (oversaturated) during the 
exponential dissolution phase. 
Figure 6.2 and Tables 3.3; 4.5.2 and 5.5.2 show another common trend between the 
experimental suites, where dissolution rates are seen to increase with both increasing 
temperature, and increasing sample surface area. The temperature dependence of the reaction 
rates was expected, as it follows basic chemical kinetic theory, described by the Arrhenius 
equation (33). This observation is supported by the Arrhenius plots of the batch test data 
(Figure 3.5.3 and Table 3.3) used to extrapolate experimental rate values from 90 to 120°C. 
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Here, most samples showed a good Arrhenius relationship, and thus a good exponential rate 
dependence on temperature. 
The chemical reaction rates were determined by applying the experimental data to two 
different models, the 'linear model' derived from simple regression analysis of the 
dissolution plots; and the 'kinetic model' in which competing solution and precipitation 
processes were modelled using the thermodynamic principles presented in 4.5.1. Although 
both methods of rate calculation showed the same general trends between reaction rates and 
sample surface areas, the rate values from the kinetic model were systematically larger than 
the values determined using the linear regression method. This discrepancy was greater for 
samples with a higher surface area, partly because the kinetic model explicitly considers the 
early transient part of the dissolution curve. The transient reactivity of the ultra-fine grains 
were thus modelled as well as the main gouge sample reactivity. In contrast, the linear 
regression method measured the rates for the main fraction only, after the initial smaller, 
more reactive particles had dissolved. 
Another contribution to this systematic rate difference is that the kinetic- and linear-
models represent different non-equilibrium boundary conditions. The kinetic model 
determined rate values for reactions that were assumed to occur in a closed system (similar to 
most geochemical reactions in rocks with a finite porosity and permeability), while the linear 
model was more representative of an open system, such as the high fluid:rock ratio system of 
the batch tests. This may explain why the batch tests never reached equilibrium, while a 
number of the higher pressure tests did. If the general rate equation for a first order reaction 
is considered, it is seen that; 
dc/dt=a+kc 	 (6.1) 
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where c is the silica concentration (ppm); t is time (seconds); a is the slope of the dissolution 
curve, and k is the reaction constant (Lasaga, 1981; Atkins, 1994). For the closed pressure 
tests, the results are consistent with kc>a, due to a relatively high silica concentration. In this 
state, the system has the potential for both dissolution and precipitation, but dissolution 
tended to dominate. Only RR3 and RR1O showed evidence of net precipitation, where 
dissolved silica concentrations were seen to decrease. In all cases, equilibrium or near-
equilibrium conditions were re-established within the test. This is discussed in 6.2.4. The 
batch tests, however, had a high fluid:rock ratio, and thus relatively low silica concentration. 
As a result of this, the batch test concentrations were more representative of the condition 
kc<a, or; 
dc/dt = a  
i.e. a line of constant slope. Hence the batch tests never approached equilibrium during the 
timescale of the test, maintaining a constant increase in silica concentration over time. Thus 
the relative changes in the two models can be compared, but not the absolute ones. It may 
also be concluded that the batch test data should not be applied to low porosity/permeability 
materials such as fault gouge under in-situ conditions. 
6.2.2 Batch Experiments 
Table 3.3 and Figure 6.2.1 summarise the reaction rates calculated for each of the batch 
tests, using the linear regression method. The main trends are summarised and then discussed 
below. 
*At 25°C, the rate values showed an increase in dissolution rate with increasing surface area, 
with all values being of the order of 1x1O 3mol cm 2 s 1 . 
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•At 50°C, the rate values were up to an order of magnitude greater than the values 
determined at 25°C. They were generally of the order of 1x10 12 to 3mol cm 2s
1 
. 
*At 90°C, the reactions again produced higher chemical reaction rates for the samples with 
larger surface areas. Reaction rates also increased relative to the rates of the two lower 
temperature suites of batch tests, and were of the order of 10 -11  to 1 0' 3mol CM-2  s 1 (all 
batch test rates are summarised in Figure 6.2.1). 
These observations, in conjunction with Figures 6.2. la to d, (which plot dissolution rate 
versus sample surface area for each batch test), shows that there is a general exponential 
dependence of rate on temperature, while surface area has a more linear effect on reaction 
rates. 
Table 6.1 shows a comparison between the measured maximum dissolved silica 
concentrations from each of the batch tests, and the theoretical equilibrium concentration 
values calculated for these reactions, [using SUPCRT 92, a thermodynamic model developed 
by Johnson et al. (1991), summarised in Appendix 4]. Maximum concentration values were 
used rather than measured equilibrium values, as the reactions did not appear to have reached 
equilibrium from their dissolution versus time plots (Figure 3.5.1). All experimental 
concentration values were found to be considerably less than the modelled equilibrium 
values. This shows that the samples remained in an undersaturated state throughout the 
length of each batch test. Such a trend was expected because of the high fluid to gouge ratio 
present in the system (approximately 1000:1, assuming 1 litre of fluid has an equivalent mass 
of 1 kilogram), which made it very unlikely that a sufficient concentration of gouge would 
have dissolved during the length of an experiment for the pore fluids to reach chemical 
equilibrium or oversaturation. These calculations quantitatively confirm the analysis at the 
end of section 6.2.1. 
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Hoidren and Speyer (1984, 1987) conducted a similar study to the batch tests presented in 
this thesis, using pure feldspar powders rather than a disaggregated sandstone. Although their 
dissolution versus time curves showed a similar form to those presented here, their 
dissolution rates were considerably slower than those calculated for this study. Holdren and 
Speyer (1985) showed that fractions of feldspar powders with particle size distributions of 
75-1501im and 150-300j.tm dissolved at rates of the order 106  molcm 2s' at 22°C. Similar 
size fractions from the batch tests of this thesis conducted at 25°C (Chapter 3) produced 
reaction rates of the order 10-13  molcm 2s 1 . These rates are roughly 3 orders of magnitude 
faster than the rates presented for feldspar samples by Holdren and Speyer, suggesting that 
one of the main assumptions made in this study - that quartz is the main reacting mineral in 
the system, and that feldspar reactivity may be neglected to the first order in pH neutral 
solutions - is a reasonable one. The assumption is further supported by Dove and Crerar 
(1990) whose hydrothermal mixed reactor experiments (also representative of an open 
system), showed that 1 50-250p.m quartz powders dissolved at rates of the order of lxi 0 to 
lxlO 6mol m 2s' (-.4x10 to 10 10molcm 2s 1 ) at 300°C, in a distilled water solution. 
6.2.2.1 Summary. 
The chemical dissolution rates of disaggregated quartz rich powders were found to 
increase exponentially with increasing temperature, and linearly with sample surface area. 
Temperature had the greatest influence of these two parameters, yielding a relatively larger 
increase in rate than particle size distribution/surface area. 
The dissolved silica versus time curves, used to determine experimental reaction rates 
show the "classic" form described in the literature in past silicate powder dissolution 
experiments (Holdren and Berner, 1979; Lasaga, 1981) and Hoidren and Speyer, 1985, 
1987). The curve begins with a transient portion, perhaps, representative of the dissolution of 
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"contaminant" ultra-fine particles, found to adhere to the surface of the constituent sample 
grains. This is followed by a linear curve that represents the dissolution of silica from the 
"true" sample grains. 
The assumption that the experimentally determined rates in this thesis were representative 
of a pure quartz sample, and that any feldspar content had a negligible effect on reaction rate 
seems reasonable. This was shown by comparing reaction rates determined in this study to 
those determined for pure feldspar samples under similar conditions, by Hoidren and Speyer 
(1985). Their reaction rates for feldspar were up to three orders of magnitude slower than 
those determined for Clashach sandstone powders in this study. 
6.2.3 Hydrostatic Pressure Tests. 
In an attempt to create increasingly realistic studies of gouge reactivity relative to a natural 
system, but in keeping with the experimental controls of this study, the batch tests were 
succeeded by a series of higher-pressure hydrostatic pressure tests. The experimental controls 
were maintained between each suite of experiments by using the same pore fluid and sample 
sizes that were used in the batch tests. The experiments ran on a new experimental rig that 
was designed, built, and commissioned for this study, and described in Chapters 4 and 5. 
The chemical data gained from these experiments, and summarised in Figure 4.5.1, 
showed a similar trend to that of the batch tests described in sections 3.5.1, 6.2.1 and 6.2.2. 
The only exception to this was the medium size fraction, which yielded the highest 
maximum and equilibrium concentrations of all of the hydrostatic pressure tests, despite the 
fact that the sample had a relatively low surface area compared to the bulk and fine samples. 
The most likely explanation for this is an analytical error, caused by the use of degraded 
analytical stock standards during the HPLC analysis of this sample (refer to section 4.5 and 
the Glossary). However, it cannot be ruled out that this may be a real peak. If the medium 
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size fraction is excluded, a general trend appears, showing reaction rates increasing with 
increasing sample surface area (and thus decreasing particle size). This relative observation is 
consistent with the batch test results presented in 6.2.2, confirming that the absolute results 
for the medium gouge fraction hydrostatic test may contain a systematic error. Chemical 
reaction rates calculated from the experimental data (summarised in Table 4.5.2, and Figures 
6.2.2.1 a and b) also tended to increase linearly with increasing sample surface area. The only 
exceptions to this were the fine and medium fractions, which yielded lower than expected 
dissolution rates (Figure 6.2.2.1a). Plot 6.2.2.1b shows that the medium gouge fraction 
produced an anomalously high equilibrium concentration value, A0. The anomalous values 
seen on these plots may be accounted for by looking at the kinetic model fits relative to the 
experimental data (Figure 4.5.2). The kinetic model calculates chemical rate values using two 
simple exponential terms, so it is only capable of producing a relatively simple smooth curve 
fit to the experimental data. However, the experiments do not produce smooth, simple 
dissolution curves. These "non-ideal" fits occur because measured concentrations fluctuated 
due to changes in environmental conditions (pressure; temperature); and the occurrence of 
systematic errors during the chemical analysis of pore fluids. Therefore, although the model 
produced a reasonable overall fit to the experimental data, it tended to have one of the 
following problems with each dataset: 
• the model produced a good fit to the early, parabolic part of the dissolution curve. Here, the 
fit to the later, linear data tended to be less accurate. This led to an over estimation of 
dissolution rate (k a), due to the influence of the ultra-fine particles on the early parabolic 
stage of the plot; and an under estimation of the equilibrium concentration (A 0), due to a 
less accurate curve fit to the linear portion of the curve. 
• the model produced a good fit to the later, linear data, but a less accurate fit to the early 
parabolic part of the curve. This generally produced a more accurate dissolution rate (k a), as 
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the model was more representative of the linear portion of the curve (which represents the 
dissolution of the "true" gouge grains). Because the early part of the curve fit was 
underestimated, the whole plot appeared to slightly underestimate ka and A0. For example, 
the hydrostatic cell of H4 showed a good fit to the linear portion of the curve, but a poor fit 
to the early parabolic part of the curve. This explains why the model underestimated both ka 
and A0 values relative to the "best fit" values illustrated in Figure 4.5.2. 
. the model produced a good overall fit to the experimental data (e.g. H2 of the hydrostatic 
experiments). Here, the model tended to overestimate k a, because it considered the early 
parabolic curve, influenced by the dissolution of ultra-fine particles. The A 0 values were 
likely to be reasonable for the system, as the model produced a good fit to the later 
experimental data. 
It has been stated above that H5 produced an anomalously high A0 value, most likely due 
to a propagation of systematic errors caused by using partially degraded analytical standards. 
This caused an overestimation of measured sample concentrations, leading to an 
overestimation of the equilibrium concentration (A 0). However, despite the measurement of 
exaggerated silica concentrations, the relative concentration changes over time were still 
proportionally the same as they would have been for more accurate concentration 
measurements, because the standards act only as a constant multiplier. Therefore, the 
dissolution rate value (ka) produced by the kinetic model is still valid, despite the 
overestimated silica concentrations. 
Table 6.2 presents the maximum measured dissolved silica concentration from each of the 
hydrostatic pressure tests and the theoretical equilibrium concentrations for the same 
reaction, determined using SUPCRT 92 (Johnson et al., 1991). A comparison of these values 
shows that the measured concentrations for H2, 3, and 4 are all less than the predicted 
equilibrium constant values. These experimental runs are, therefore, all undersaturated 
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throughout the length of the experiments, with dissolution likely to be the dominant process 
affecting the system. Hi and H5, however, yielded higher measured silica concentrations 
than the calculated equilibrium concentrations. This suggests that the pore fluids for these 
tests were oversaturated during the latter stages of the experiment. In this state, samples were 
capable of precipitating silica, should a suitable kinetic system have arisen. Figure 4.5.2 
shows that Hi became over-saturated approximately 50 hours into the experiment, and 
remained so for a further 100 hours. 150 hours into the experiment, the concentration 
dropped below the predicted equilibrium concentration, and finally levelled out at 1 35ppm, 
17.6ppm below the predicted equilibrium concentration. The observed concentration drop 
was probably caused by precipitation of silica from oversaturated pore fluids. Pore fluids are 
in a chemically unstable state when oversaturated. Precipitation occurs at sites of low stress 
(e.g. open grain surfaces, such as those adjacent to pore spaces; and fractures), and in 
undersaturated pore fluids (unlikely in the experiments presented here). Precipitation will 
occur until the system becomes chemically stable, reaching a point of equilibrium. Rate 
values are likely to have been dependent on particle size distribution, as reactivities vary 
depending on the amount of reactive surface area present in a sample. This is particularly 
important if Ostwald ripening is likely to affect the system, as particle size will vary 
throughout the length of the experiment. Here, fine particles would dissolve into the pore 
fluids, and re-precipitate as, or on coarse particles after the system had become chemically 
unstable. The precipitation of material on grain surfaces tends to cause a decrease in porosity 
and permeability in fault zones, increasing the potential of the fault to inhibit fluid flow, and 
thus seal. 
One of the main aims of the hydrostatic pressure tests was to determine the effect of 
hydrostatic stress on fault gouge reactivity. This was achieved by comparing the hydrostatic 
pressure test results with an Arrhenius extrapolation of the batch test results to 120°C. 
IM 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
Figures 6.2.2.2 shows this comparison, with the rate values (k a) from both the hydrostatic and 
batch tests plotted against sample surface area. Both datasets show the same general trend, 
with increasing reaction rates accompanying increasing sample surface areas. The hydrostatic 
pressure tests would be expected to yield higher dissolution rates than the batch tests, 
because the application of pressure should increase gouge reaction rate. Tenthorey et al. 
(1998), for example, showed that increasing applied pressure led to increased reaction rates. 
The medium and coarse gouge samples, (H5 and H3 respectively), showed this trend, but the 
bulk and fine gouge samples, (Hi and H4 respectively), produced faster rates in the batch 
tests than the hydrostatic tests. H4 yielded a lower rate than its equivalent batch test because 
the kinetic model fit to the H4 curve is relatively poor. Although the latter, linear part of the 
model showed a good fit to the data, the early part of the curve showed a very poor 
correlation. The rate determined for the H5 data produced an underestimated rate for a 
similar reason to the H4 model. Here, the model showed a shallower trend than the early part 
of the experimental data, leading to an underestimate of reaction rates relative to the other 
model fits. This rate may, however, be more representative of the "true" rate of the sample, 
as the transient portion of the curve - which represents the contaminant ultra-fine particles - 
is not well represented by the kinetic model. 
Following the discussion in 6.2.1, it is worth noting that the use of the full kinetic model 
for determining batch test rates may be inaccurate, as the batch tests are not representative of 
a closed chemical system. The general trends of the results do however hold, allowing some 
comparison between the results of each suite. 
6.2.3.1 Summary. 
Under hydrostatic pressure, the chemical reaction rate of fault gouge was found to 
increase linearly with increasing sample surface area. The application of hydrostatic stress to 
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fault gouge was also increased reaction rates relative to the batch tests. It also had the 
greatest effect on quartz reactivity in the hydrostatic tests, relative to sample surface area. 
This is particularly noticeable by comparing the changes in A0 values caused by each 
variable. 
The hydrostatic tests also showed that the kinetic model tended to produce an 
oversimplified fit to the experimental data, with fits being accurate to either the early or late 
portions of the experimental data, but rarely both. This suggests that the kinetic model 
requires further refinement before it can provide an accurate fit to the experimental data, 
providing scope for future work in this field. 
6.2.4 Non-hydrostatic Pressure Tests. 
The final suite of experimental results to be discussed in this thesis are from the non-
hydrostatic pressure tests presented in Chapter 5. The experiments were designed to elucidate 
the effects of non-hydrostatic stress on the reactivity of artificial fault gouge with distilled 
water, under shallow crustal environmental conditions (90-120°C; 6.9MPa pore fluid 
pressure; and 20.7-34.5MPa confining pressure), and follow the same experimental controls 
as the previous test suites. Here, the non-hydrostatic pressure test data is compared with the 
hydrostatic, and batch experiment data, allowing the elucidation of the effects of different 
pressures, temperatures and particle size distributions on the chemical reaction rates of 
artificial fault gouge over time. The data from each non-hydrostatic test is firstly discussed 
individually, before comparisons to other studies and datasets are made. 
6.2.4.1 NH1 (Bulk gouge; 90°C; Pc 20.7MPa; Pp6.9MPa) 
Figure 6.2.3.1a-c shows a series of comparison plots of silica dissolution, axial sample 
compaction, and permeability evolution data over time for NH 1. The general trends show 
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that dissolved silica concentration, sample permeability and axial sample compaction all 
increased during the experiment. Plot 6.2.3.1a shows that dissolved silica concentrations 
increased with increasing axial sample compaction. The fact that the post deformation 
sample was indurated (compared to the undeformed loose powder) suggests that the sample 
had undergone some form of pressure induced dissolution or pressure solution process. 
Plot 6.2.3. lb shows that permeability increased with increasing silica dissolution in NH I. 
This trend may be related to material being removed by dissolution and producing secondary 
porosity (e.g. Fisher et al. 1998; 1999; 2000). Plots 6.2.3.1a and c, support this theory, as 
permeability increased concurrently with increasing compaction, rather than the expected 
sample pore collapse and gouge formation. Further application of stress may have led to 
secondary pore collapse (Fisher et al., 1998; 1999; 2000). It is, therefore, likely that porosity 
gain by the observed chemical dissolution out-weighed porosity loss by the observed sample 
compaction. Despite sample compaction leading to the flattening of grain contacts during 
pressure solution, the chemical dissolution processes occurred at a faster rate, and led to the 
formation of secondary porosity in between grain contacts, producing a higher overall sample 
permeability. Grain propping and grain contact strengthening due to early pressure solution 
(e.g. Tullis, 1993; Wong et al., 1996) may have also occurred during deformation. This 
would have limited compaction rates, while chemical dissolution was still free to act on grain 
surfaces, increasing sample porosity and permeability. 
6.2.4.2 NH2 (Bulk gouge; 120°C; Pc=20.7MIPa; Pp6.9MPa) 
The experimental results from NH3 are summarised in Figures 6.2.3.1d-f. The Figures 
show plots of dissolved silica concentration and axial sample compaction-; permeability 
evolution and dissolved silica-; and sample compaction and permeability evolution- over 
time respectively. 
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The first 300 hours of the dissolved silica curve show that concentrations increased with 
increasing axial sample compaction and permeability (Although the permeability plot shows 
some scatter here, the general trend is still an increase in permeability). These trends are 
apparently contradictory, particularly where permeability and compaction increase 
simultaneously. Chemical dissolution rates must have, therefore, been much faster than 
compaction, resulting in the production of secondary porosity, as described in 6.2.4.1. The 
combination of an early transient dissolution curve, and the fact that the post deformation 
sample was indurated, suggest that early rapid dissolution of ultra-fine particles (evidenced 
by the early transient curve), combined with compaction due to a combination of the packing 
of disaggregated grains, suggests that Ostwald ripening and pressure solution had affected 
the system. 
Between 300 and 600 hours, dissolved silica concentrations decreased, while axial 
compaction increased. Permeability data, however, became randomly scattered (see 5.5.5 for 
explanation). These observations are consistent with dissolution at high stress points at grain 
contacts, and precipitation at points of lower stress on the grain, as indicated by Heald, 
(1955); Pittman, (1972, 1981); Sprunt and Nur, (1977) and Weyl, (1959). Thus the 
precipitation did not affect the tendency of the material to compact, although the rate did 
slow over time. In this phase, the rate of silica precipitation had to be greater than that of 
silica dissolution, because the total silica concentration decreased over time. 
After 600 hours, dissolved silica concentrations levelled out, while axial compaction 
continued to increase. Permeabilities showed a random trend. This suggests that no net 
precipitation occurred after 600 hours, as precipitation and dissolution rates must have been 
equal to reach chemical equilibrium. The sample did, however continue to compact. 
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6.2.4.3 N113 (Bulk gouge; 120°C; Pc 34.5MPa; Pp=6.9MIPa) 
Figures 6.2.3.1g-i present the experimental results from NH3. A summary of these three 
plots shows that dissolved silica concentrations increase throughout the experiment, with an 
early transient curve smoothing to a more linear curve (Figure 6.2.3.1g). The permeability 
plots (6.2.3.1h and i) show that permeability initially increased for the first 20 hours, but then 
continuously decreased for the rest of the run. The later permeability data shows some 
scatter, but still shows a general decreasing trend over time. More data points are, however, 
required to allow a more conclusive interpretation of permeability evolution. The early trends 
described are likely to be caused by a mix of sample compaction due to grain packing, and 
rapid chemical dissolution acting on the system (as described for NH1 and 2). The later 
trends suggest that while chemical dissolution occurred in the system, it was dominated by 
chemical compaction at grain contacts and caused the observed permeability decrease. This 
is consistent with the elevated confining pressure applied to the sample. 
6.2.4.4 NH4 and NH5 (fine and coarse fractions respectively; 120°C; P c=20.7MPa; 
Pp6.9MPa) 
Both NH4 and N115 (Figures 6.2.3.lj-o) showed the same general trends, with dissolved 
silica concentrations and axial compaction increasing throughout the length of each 
experiment. NH4 also showed that permeability increased continuously throughout the 
experiment, while NH5 showed a more scattered, unreliable trend. The trends were similar 
to those described for the early part of each of the runs (NH1 -NH3), above. Here, rapid early 
dissolution (evidenced by the transient curve shape) gave rise to a later, more linear 
dissolution trend. This occurred concurrently with sample compaction, caused by sample 
packing and dissolution at high stress grain contacts. The poor resolution of permeability 
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data for N115 makes any further interpretation difficult. In NH4, however, chemical 
dissolution probably occurred at a greater rate than compaction, as permeability increased 
throughout the run. A permeability increase would not be expected if compaction had 
dominated. The most likely explanation is that secondary porosity formation led to increased 
sample permeability. Because chemical compaction also occurred in the system, some 
material may have precipitated around the edges of grain contacts via pressure solution 
processes, causing grain propping. The effect of this would be to reduce sample compaction 
rates, and raise the critical pressure required to crush the sample (e.g. Wong, 1990). 
6.2.4.5 NH6 (Medium fraction; 120°C; Pc=20.7MIPa; Pp=6.9MPa) 
Figures 6.2.3.1p-r illustrate the results from N}T6. For the first 400 hours, dissolved silica 
concentration and axial sample compaction increased. The permeability data was, however, 
random, yielding no apparent trend (see 5.5.5 for explanation). The observed increases in 
dissolved silica concentration and axial compaction suggest that pressure induced dissolution 
acted on the sample. This conclusion can not, however, be firmly drawn without reliable 
permeability data, because there is insufficient information to determine whether the reaction 
was dominated by compaction or dissolution, and subsequently whether secondary porosity 
may have formed. After 400 hours, the dissolved silica concentration decreased slightly, 
while compaction continued. This suggests that some silica may have precipitated in the 
system, but did not act to strengthen grain contacts because axial compaction continued at a 
fairly constant rate. 
Please note that the anomalous data series described above (e.g. the permeability data in 
sections 5.5.5; 6.2.4.2 and 6.2.4.5) may be an experimental artefact, but may equally 
represent a real trend. Due to the time constraints of a PhD thesis, any anomalies encountered 
in the data could not be further investigated. 
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Table 6.3 compares the maximum measured dissolved silica concentrations of each non-
hydrostatic test with thermodynamically modelled equilibrium concentrations, [determined 
using the SUPCRT 92 model of Johnson et al. (1991)]. It shows that all of the non-
hydrostatic pressure tests (except N115, the coarse gouge fraction) had greater maximum 
silica concentrations than equilibrium concentrations. These concentration values suggest 
that NH1 to 4, and N116 all reached an over-saturated state during the experiments, making 
them susceptible to precipitation processes. 
The non-hydrostatic experimental results described above showed that N112 was the only 
bulk sample run to experience a net silica precipitation, and approach equilibrium. The 
predicted equilibrium value, 122.6 lppm, was very close to the equilibrium value reached 
during the experiment (1 3 5ppm), suggesting that the modelled values are reasonably accurate 
with respect to the experimental data. NH 1 did not exhibit any evidence of net precipitation. 
This may be because the temperature of the run, which was 30°C lower than NH2, was too 
low to provide suitable conditions for precipitation. There may, therefore, be a temperature 
threshold between 90 and 120°C, above which net precipitation becomes possible. This 
observation is consistent with Bjørkum et al. (1998), and Fisher et al. (1998 and 2000); who 
found that chemical compaction and cementation tended to dominate in quartz rich sandstone 
hydrocarbon reservoirs at temperatures greater than 90°C, primarily due to quartz re-
distribution within the sandstone by, for example, pressure solution. NH3, which ran at the 
same temperature, but at a higher confining pressure (34.5MPa) than NH2, reached an over-
saturated state, but showed no evidence of net precipitation. Such a trend indicates that a 
pressure threshold may exist between 20.7 and 34.5MPa, above which the stress on the 
sample is too great to allow a net precipitation on the timescale of the laboratory experiments 
described here. This opens up the potential for future experiments designed to determine the 
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exact pressure at which the crossover occurs. Similar experiments may be conducted between 
90 and 120°C to determine more precisely where the equivalent temperature threshold exists. 
The reaction rate trends for the individual gouge size fractions, plotted against sample 
surface area in Figure 6.2.3.2 confirmed that dissolution rate, and thus saturation state trends 
were surface area dependent. The samples with the greatest two surface areas (75-125j.tm and 
180-212tm) reached over-saturation, but the lower surface area sample (300-425j.tm) 
remained under-saturated throughout the run. The surface area of the latter sample was, 
therefore, too low to provide the required reactive energy to raise dissolved silica 
concentrations above the equilibrium concentration. Of the two samples that did become 
over-saturated, only the medium size fraction showed evidence of precipitation in the form of 
decreasing dissolved silica concentration after 400 hours. This suggests that sample particle 
size and particle size distribution may have a significant influence on the ability of material 
to precipitate in fault gouge over the timescales investigated here. For example, the fine size 
fraction may not have experienced precipitation because the particle size distribution may 
have been too fine to act as nuclei for silica precipitation via processes such as Ostwald 
ripening, discussed in 2.4.1.2. Ostwald ripening is likely to be a precursor to pressure 
solution, another surface area dependent chemical dissolution/precipitation process active 
during this study, in the sense that the early dissolution of ultra-fine and fine grains by 
Ostwald ripening is likely to lead to pressure solution. If no suitable grain sizes exist to act as 
nuclei for silica precipitation, e.g. they are too fine, as may be the case with the finest fraction 
used in this study, then dissolved silica concentrations will continue to rise until pore fluids 
become so saturated that they level at a maximum concentration, but lack the required 
conditions for net precipitation (as seen over timescale of NH4). In comparison, the medium 
gouge fraction used may have had a more optimal particle size distribution for Ostwald 
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ripening and pressure solution to occur, and for silica to nucleate around in precipitation. 
This is consistent with the observed drop in dissolved silica concentration of Figure 5.5.7. 
In summary, increasing experimental temperatures; pressures; and sample surface areas 
caused an increase in the reaction rates of quartz gouge. The exponential influence of 
temperature shows that it had the greatest influence on rate, while the linear influence of 
pressure and surface area had a lesser effect. Surface area had the next greatest effect on rate, 
due to the high reactivity of fine and ultra-fine grains, followed by applied pressure. Surface 
area and applied pressure effects are also likely to have a combined influence on increasing 
reaction rates, as applied stresses are likely to create increased grain point-contact stresses, 
and pressure enhanced solution. Finer grains have been shown to yield greater pressure 
enhanced solution rates than coarser grains at sites of point loading (Dewers and Hajash, 
1995). 
6.2.4.6 Non-Hydrostatic Chemical Reaction Rates 
The influence of pressure, temperature and particle size distribution on solution, 
compaction and permeability evolution during the non-hydrostatic tests has been discussed in 
6.2.4.1-5. The influence of these environmental parameters on the chemical reaction rates of 
the non-hydrostatic tests is now considered, and summarised in Table 5.5.2 and Figure 
6.2.3.2. 
Chemical Dissolution Rates (ka) 
A plot of dissolution rates (ka) versus sample surface area (Figure 6.2.3.2) shows that ka 
increased with increasing sample surface area, with the exception of NH5 (coarse fraction), 
which had an anomalously high rate value, caused by a poor model fit with the early 
experimental data (Figure 5 . 5 .70, where the model curve is steeper than the data plot. As 
well as being dependent on sample surface area, the rates were found to be temperature 
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dependent, with NH2, which ran at 120°C, yielding a faster rate than NH 1, which ran at 
90°C. All other parameters were kept constant between the runs. An increase in effective 
pressure would be expected to increase dissolution rate (e.g. Dove and Rimstidt, 1994; 
Tenthorey et al., 1998), suggesting that the rate for NH3 should be greater than the rate for 
N112. NH3, however, yielded a rate less than NH2's using the kinetic model of 5.4.5. This 
may be explained by the model fit slightly underestimating the slope of the early 
experimental data (0-.75hrs), while the remainder of the model shows a good data fit. A 
comparison between NH 1, 2 and 3 shows that temperature has a greater influence on rate 
than pressure, with the greatest rate change being between NH 1 and NH2, than NH2 and 
NH3. 
This study was aimed at quantifying the rates of quartz dissolution for synthetic fault 
gouges. During the course of this work, Tenthorey et al. (1998) and Aharonov et al. (1998) 
published data showing dissolution rates for pure quartz sand more appropriate for diagenesis 
of the host rock under pressure (based on the 210-500j.im size fraction used in their study). 
They examined higher temperatures (175 °C) than used here, and found dissolution rates three 
orders of magnitude higher than those for single crystals of quartz at the same temperature 
(Wood and Walther, 1983). Thus the application of a pressure at grain-grain contacts can 
increase dissolution rates by three orders of magnitude compared to single crystals at the 
same temperature. 
The results of this thesis and these other studies are plotted in Figure 6.2.3.3a. The plot 
shows that the experimental data from this thesis, under conditions of non-hydrostatic 
stresses for the bulk gouge fraction, yielded the fastest dissolution rates (5 to 7x10 10 
molcm 2s) at a given pressure and temperature. These rates are similar to those of 
Tenthorey et al. (1998) and Aharonov et al. (1998) (1.14x10 10 molcm 2s), although 
pressure and temperature are lower, compared to rates for single crystals of 10-16   to 10_12 
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molcm 2s between 25 and 200°C. This confirms that quartz dissolution from bulk fault 
gouge samples under pressure dissolve more quickly than for single crystals at low pressure, 
or pure quartz grains at pressure. 
The two differences between this study and that of Tenthorey et al (1998) are the presence 
of feldspar in small quantities, and the existence of poorly-sorted crushed fragments rather 
than well-sorted grains. The effect of crushing was tested in the batch tests, and is found to 
cause up to one half of an order of magnitude difference when batch tests for the coarse 
fraction are compared to those for the bulk gouge samples. This detectable increase does not 
on its own account for the large differences between the batch tests here and the single 
crystal studies on Figure 6.2.3.3. 
The remaining possibility for the discrepancy is the presence of feldspar (3%) and clay in 
the synthetic fault gouge. The feldspar may itself dissolve itself to produce silica, or 
alternatively K-feldspar and clay can both act as catalytic agents for the dissolution of quartz 
even in small quantities (Bjørkum, 1996). The magnitude of this effect may be up to 3 orders 
of magnitude, i.e. similar to the magnitude of the pressure effect. To test the first hypothesis 
of direct feldspar dissolution in future work, it would be necessary to measure cation 
concentration. To test the second would involve, in addition, repeating the batch tests with 
pure quartz powder. This is discussed in more detail - below. 
To summarise, the application of pressure to a system (seen by comparing the dissolution 
rates of the batch tests (Chapter 3) with those of the pressure tests presented in Chapters 4 
and 5) produces an average of a two orders of magnitude increase in dissolution rate. For 
example, BT3 (90°C; bulk gouge; 0.1MPa pressure) produced a rate of 2x10' 2 molcm 2s' 
(Table 3.3), while NH1 (90 °C; bulk gouge; 20.7MPa Pc; 6.9MPa Pp) produced a rate of 
5.25x10 10  molcm 2s (Table 5.5.2). Thus pressure can account, on average, for two orders of 
magnitude in the difference between the fault gouge and the single crystal studies. 
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Variations in sample particle size distribution/surface area can account for a further 0.2 to 2 
orders of magnitude variation in dissolution rate, with an average of 0.4 to 0.5 orders of 
magnitude variation across all of the experimental data. Data supporting this statement is 
summarised in Tables 3.3; 4.5.2 and 5.5.2 for the batch tests, hydrostatic tests, and non-
hydrostatic tests respectively. 
Thus, a combination of pressure and particle size distribution can account for much of the 
variation in dissolution rates. However there is a remaining difference of two or three orders 
of magnitude that can only be explained by the remaining variable, i.e. the direct or indirect 
effect of feldspar on quartz solubility in a gouge. For example some such effect is needed to 
explain why the dissolution rates here are higher than those of Tenthorey/Aharonov et al. 
(1998), who obtained rates on the order of 1010  molcm 2s' at higher temperatures and 
pressures. A comparison of the batch test data (Chapter 3) with similar experiments run 
using feldspar powders (Hoidren and Speyer, 1985) in fact showed a very large discrepancy 
between dissolution rates. Here, the batch tests presented in Chapter 3 produced rates of 1013 
to 10-11  molcm 2s 1 , while the test run using pure feldspars produced rates of the order 1016 
molcm 2s'. This suggests that the direct feldspar dissolution effect is unlikely to be the cause 
of the discrepancy, although it does not rule out an indirect effect. 
It is instructive to compare the data in the form of an Anhenius plot of dissolution rates of 
a selection of experiments from this study, Wood and Walther (1983) and 
Tenthorey/Aharonov et al. (1998) papers, as done on Figure 6.2.3.3b. The main differences 
are in the pre-exponential term, which leads to a systematic offset in the data rather than a 
change of slope. Here, the activation energies (E a) of the reacting materials, determined from 
the slopes of the related plots, are 59 kJmoi' for the pure quartz data of Wood and Walther 
(1983), compared to 69 kimoF' for albite feldspar in a neutral (PH)  region Heilman (1994). 
Thus pure feldspar reacts more quickly, and has a higher activation energy (flatter slope on 
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the Arrhenius plot). The data presented here appears to be intermediate between the 
behaviour of pure quartz and pure feldspar, even though there is only a small amount of 
feldspar present in the fault gouge. Thus natural faults, under pressure, differential stress, and 
with a poorly-sorted grain size distribution of fresh, angular fracture surfaces, with finite 
amounts of clay/feldspar, may dissolve much more quickly under natural conditions than 
might be supposed by extrapolation from single crystal studies. 
Dissolution Equilibrium Constant (A0). 
Authors such as Hoidren and Speyer, (1985; 1987) showed that reaction rates were 
directly proportional to sample surface area. The dissolution equilibrium constant (Ao) for 
the non-hydrostatic pressure tests were plotted against sample surface area in Figure 6.2.3.2b, 
and showed an apparently random trend, partly because the H5 hydrostatic test shows 
unexpectedly high sample concentrations, most likely because of a degraded analytical 
standard. The non-hydrostatic dissolution rate for NH4 (fine size fraction) still remains 
anomalously high, but no good explanation can be offered for this trend. 
Precipitation Rates and Equilibrium Constants (kb and 10 respectively). 
Figures 6.2.3.2c and d present plots of precipitation rate (kb) and equilibrium 
concentration (Ta) respectively, versus surface area for the non-hydrostatic pressure test. 
Figure 6.3.6.2c shows that only two experimental runs, N112 and N146, yielded significant 
precipitation rates, while the remaining non-hydrostatic tests produced much lower kb values 
(1 to 2 orders of magnitude less than NH2 and NH6). This observation is supported by trends 
of the experimental data, with NH2 and N116 being the only experiments that showed 
evidence of net precipitation, in the form of a drop in dissolved silica concentration. The 
remaining runs show either a constant increase in silica concentration, or a gradual 
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equilibration. The ka value for NH2 (7.15x10 10mol cm-2s-1 ) was nearly an order of 
magnitude greater than NH6 (2.65x 1 0'°mol CM-2S-1  ). This agrees with the general trends of 
the experimental data, as NH2 showed evidence of precipitation from 300 hours, until the 
dissolved silica concentration reached equilibrium, while NH6 only showed a slight decrease 
in dissolved silica concentration after 400hrs, without reaching equilibrium. 
Figure 6.2.3.2d shows a plot of precipitation equilibrium constants (l o) versus surface area 
for each of the non-hydrostatic pressure tests. The plot shows that NH2 yields the greatest Jo 
value, (I. I 8x 1 0-3MOIS-1),  with the remaining values being between 1 and 4 orders of 
magnitude less than NH2. This general trend agrees with the experimental data, (Figures 
5.5.7a-d), which shows NH2 to be the only experiment to reach equilibrium after a period of 
silica precipitation. 
Table 5.5.2, presents K values (the ratio of kb to ka) for each of the non-hydrostatic tests, 
as well as the rate values discussed above. The ratios for each non-hydrostatic pressure test 
yielded a value less than one, suggesting that precipitation acted as the rate-limiting step in 
this study. This is quantitatively consistent with the work of Rimstidt and Barnes, (1980); 
Lasaga, (1984); and Walderhaug, (1994a);  who all showed that precipitation was rate 
limiting, with their data yielding K values of around 0.1. The K values determined in this 
experimental study ranged from 0.0024 to 0.007, considerably less than those inferred from 
the field studies of Walderhaug (1994 a)  which tended to be of the order of 0.1. However, 
Bjørkum et al. (1996) found K values to be around 0.008, as dissolution was aided, and 
precipitation inhibited, by the presence of clay in the sandstones (see 2.4). Although the 
value is closer to the K values presented in this thesis, the samples used in this study 
contained less than 1% clay, suggesting that another process must be acting to raise 
dissolution rates, and/or lower precipitation rates. The most likely explanation for this is that 
variations in gouge particle size distributions led to the large spread of K values observed in 
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this thesis, with the coarsest fraction (NH5) producing a K of 0.00704, and the finest fraction 
(NH4) produced a K value of 0.00426. The lower value for the finer fraction suggests that it 
is a less suitable size for material to precipitate on than the coarser fraction. The coarser 
grains were, however, more suited to act as precipitation nuclei, shown by their higher K 
value. The particle size dependence of K is likely to be a pre-requisite for Ostwald ripening. 
6.3 Comparison of Reaction Rates for all Experimental Suites. 
In order to determine the full effects of pressure, temperature and particle size distribution 
on the suites of experiments performed in this study, reaction rates (k a), and equilibrium 
constants (A 0), from each of the three suites are compared in Figures 6.3a and b. 
Figure 6.3a shows a comparison plot of dissolution rate values, determined using kinetic 
rate model fits (section 5.4.5), between the experimental data of the hydrostatic-, and non-
hydrostatic pressure tests; and linearly regressed dissolution rate values of the batch tests. A 
number of observations were made from the plot; firstly that dissolution rates increased 
exponentially with increasing surface area; and secondly that dissolution rates increased with 
increasing pressure. The biggest change in rate was due to the addition of confining stress, 
moving from atmospheric pressure of the batch tests, to hydrostatic pressure tests. This 
suggests that increasing the point load at grain contacts leads to an increase in pressure 
induced silica dissolution. The difference between the hydrostatic and non-hydrostatic 
pressure tests was considerably less, but still showed an increase in rate with the application 
of increased normal load stress, again due to increased stress and dissolution at grain point 
contacts. 
Figure 6.3b shows a comparison plot of dissolution rate constants, (A0), for the 
hydrostatic, and non-hydrostatic experiments. No values were determined for the batch tests, 
as the kinetic model (used to determine A 0) is not applicable to the batch tests (see section 
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6.2.1). The batch test rate constants were determined by extrapolating the A 0 values from 
each of the experimental batch tests, using the Arrhenius equation (3.3), and are presented in 
Table 3.3. The remaining dissolution equilibrium constants were determined by applying the 
kinetic model of section 5.4.5 to the experimental data from the hydrostatic and non-
hydrostatic tests. The main trends showed that A0 increased with increasing sample surface 
area. The plot also shows that, in general, dissolution rate constants increased with increasing 
applied pressure. Non-hydrostatic rates were, therefore, greater than the hydrostatic rates, 
with the batch tests showing the lowest rates of all. Increasing the amount of applied 
effective pressure (seen by comparing NH2 and NH3) did not appear to increase the reaction 
rate constant. This may be explained by the fact that N}13 only ran for approximately 400 
hours, while RR3 ran for approximately 800 hours. As NH3 ran for 400 hours less than N112 
(due to blockage of sample tubes, most likely by fine particles or residual clays), it may not 
have reached chemical equilibrium with the pore fluids, and may have therefore produced an 
underestimate of the rate constant. 
6.4 Significance of the Measured Reaction Rates and Rate Constants to Fault 
Sealing. 
The chemical reaction rates determined in this study showed that dissolution rates were of 
the order of 2 to 8x 1 0' °mol cm 2s 1 , and that precipitation rates were between lx 1 
.i  and 
1x10 °mo1 cm 2s 1 . Dissolution and precipitation processes thus occurred over a timescale of 
weeks to months. This is very rapid in a geological sense, and has great significance in 
relation to fault sealing processes. For example, N112 showed a permeability decrease of over 
lOOmd (approximately 50%) within 400hrs. These rapid changes show that fault gouge is 
chemically very reactive, and has the potential to seal/heal a fault zone (primarily through 
silica precipitation) over a very short timescale, even at the low temperatures examined here. 
196 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
Such a sealing capability becomes particularly significant on a hydrocarbon reservoir 
production timescale. Here, the chemical sealing/healing of faults that may have been acting 
as conduits to hydrocarbon flow will restrict flow and potentially compartmentalise 
reservoirs. High gouge reactivity may, however, also cause sealed faults to open as material 
dissolves to produce secondary porosity, and thus temporarily increase permeability. For 
example, RR8 showed that fault gouges have the potential to develop secondary porosity, 
and thus increase sample permeability. This is supported by the work of Fisher et al. (1998, 
1999, 2000), showed that secondary porosity developed in reservoir rocks, but later collapsed 
following deeper burial. This shows that gouge rich faults are not only highly reactive, but 
are also very dynamic, with the potential for constant petrophysical change. This becomes 
particularly important when considering the evolution of fault transmissibility in hydrocarbon 
reservoirs, and notably for the migration of hydrocarbons from the source to the reservoir 
rock over time. 
Pore fluid chemistry also has important effects on fault gouge reactivity. The experiments 
conducted in this study showed that fault gouge was chemically unstable with a pore fluid as 
simple as distilled water. The use of pore fluids containing more reactive electrolytes, and 
thus more realistic "natural" pore fluid compositions (e.g. NaCl; MgCl; or KCI used by Dove 
and Crerar, 1995, and summarised in 2.3.1), were shown to have an even greater effect and 
increased reaction rates further. It must also be noted however, that in the field, fluids are 
likely to contain some dissolved silica to start with, and thus yield potentially slower reaction 
rates. These observations are particularly significant to secondary oil recovery processes, 
where fluids that may be out of equilibrium with reservoir pore fluids and fault rocks are 
pumped into the system to increase oil extraction volumes. It is important to determine 
whether the fluids act to increase or decrease fault zone permeabilities, and assess their effect 
on reservoir transmissibility. Pore fluid chemistries play a similarly important role in the 
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study of waste disposal and pollution migration, particularly when environmentally 
destructive pore fluids interact with highly reactive fault gouges. As with the hydrocarbon 
example above, it is important to determine whether the pollutants are likely to cause 
precipitation or dissolution in the system, and whether they are likely to escape from the 
waste disposal sites, or remain safely stored. 
The non-hydrostatic experiments described in Chapter 5 also show that gouge rich fault 
zones are capable of sealing with in-situ pore fluids only (assuming that they are initially out 
of chemical equilibrium with the gouge), and that an influx of pore fluids from outside of the 
fault zone is not necessary to create a sealed fault. This agrees with the work of Caine, (1996) 
who showed that a series of Palaeozoic and Mesozoic fault rocks in East Greenland provided 
evidence for in-situ chemical interaction between the faults and associated pore fluids. 
A comparison of precipitation rates determined for the non-hydrostatic pressure tests 
(section 5.5) with precipitation rates for quartz cementation in natural sandstones 
(Walderhaug, l994''), shows that the experimental data of this thesis produced considerably 
faster rates of quartz precipitation (1x10' ° to lxlO' 3mol cm 2s 1 ), than the natural rates 
(lx10 18 to lxlO 20mol cm 2s 1 ). The most likely explanation for these differences relate to the 
fact that the experiments in this thesis represented fault gouge reactivity, while the natural 
system was representative of a relatively undeformed sandstone. The gouge contained highly 
reactive ultra-fine grains that dissolved rapidly to produce an oversaturated system. The 
gouge also contained grains of a suitable size to act as nuclei for precipitation, particularly 
when related to Ostwald ripening processes. The natural sandstone was, however, less likely 
to be as initially active, and thus likely to be relatively less chemically unstable 
(supersaturated) than the experimental sample due to a more homogenous particle size 
distribution. The sandstone grains may have also been a less suitable size for quartz 
nucleation, further reducing precipitation potential, and rate. Differences in pore fluid 
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compositions are also likely to have affected precipitation processes, with the distilled water 
of the experiments, presented in Chapters 3 to 5, likely to become supersaturated more 
readily than the potentially less reactive natural pore fluids associated with Walderhaugs' 
study. 
6.5 Experimental Development and Future Studies 
Although the experimental suites described in this thesis have provided an insight into the 
reactivity of gouge rich fault zones, and the influence of a number of environmental and 
physical parameters on gouge reactivity, sample permeability, and axial compaction, there is 
still scope for a number of follow-up studies. The most important of these, based on the 
discussion above, are now summarised: 
•One of the primary problems solved in this study was the elucidation of the main 
processes and rates of fault sealing in gouge rich fault zones. Although evolving chemical 
concentration; axial compaction and permeability data was used to imply silica 
precipitation had occurred in the system, no firm optical evidence could be provided. This 
lack of physical evidence was due to an inability to discriminate between remnant grain 
overgrowths from the host rock, and overgrowths that may have developed during the 
experiments. Elphick et al. (1996) conducted a study that may help solve this problem. 
Here, they doped the reacting pore fluids with 'O isotopes. Their findings showed that 
secondary precipitated minerals (e.g. quartz) were enriched with this isotope relative to 
any original quartz grains. This technique should allow the quantification of pressure 
solution in follow-up studies to the work presented in this thesis, and the degree to which 
newly precipitated material influences sample permeabilities and sealing. The influence of 
pressure, temperature, and particle size distribution on the volume of secondary 
precipitated material may also be determined, providing further evidence of how each 
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parameter affects the ability of a gouge rich fault to seal. More simply, an alternative 
source material could be employed that did not contain any initial overgrowths. Any 
overgrowths observed in the gouge after the experiments will have thus been produced 
during the test. 
*The lithology and pore fluids used in this study were chemically very simple. Although a 
large number of hydrocarbon reservoir rocks are quartz rich, (>60%), pore fluids are rarely 
as simple as the distilled water used in this study. This creates the potential for two further 
experimental studies. The first study would follow on from the work of Dove and Crerar 
(1995), who conducted a number of batch/flow through/pressure experiments on silicate 
powders, using various pore fluids with a range of pH values (e.g. NaCl; MgCl; and KC1). 
The study would also follow on from Ngwenya et al. (1996), who used artificial brine 
pore fluids in a series of triaxial flow-through experiments on undeformed cores of 
sandstone. A series of pore fluids with different compositions and pH values could be 
employed to improve the experiments of this thesis, and study how they affect fault gouge 
reactivity. For example, a chemically inert pore fluid, such as oil, would be used to 
determine the purely physical effects of pressure, temperature and particle size distribution 
on the fault gouge. The use of pore fluids such as artificial brines would then elucidate the 
effects of different pore fluid compositions on gouge reactivity. It may also provide a good 
analogue of secondary hydrocarbon recovery processes that sometimes employ brine as 
the main pumping fluid. The second potential suite of experiments would study the effects 
of different lithologies and gouge compositions on chemical reaction rates, and in 
particular follow on from the work of Bjørkum (1996) and Fisher et al. (1998; 1999; 
2000). Both authors suggested that phyllosilicate material can have a considerable effect 
on silica dissolution and precipitation in a quartz rich sandstone. Bjørkum (1996) showed 
that mica grains have the potential to increase silica dissolution, with intact mica grains 
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showing strongly interlocking textures with highly deformed quartz grains. Fisher et al. 
(1998; 1999; 2000) showed that the proportion of clay material within a sample 
significantly effected precipitation and dissolution processes in the sample. They found 
that samples containing 5 to 25% clays showed evidence of enhanced dissolution, while 
samples containing more than 25% clays experienced inhibited precipitation and 
dissolution, due to a reduction in the exposed area of reactive grain surfaces. Future 
experiments could be conducted to mimic the observations of Bjørkum (1996) and Fisher 
et al. (1998; 1999; 2000) by using artificially mixed gouge compositions, such as layering 
mica and sand particles, and mixing different proportions of sand and clay into fault 
gouges. 
•The stress field used in the experiments presented in this thesis were very simplified, 
employing a uniaxial stress system. In order to create a more realistic stress field, which is 
more representative of a natural fault zone, a shear component could be added to the 
experiments, firstly by using a triaxial sample cell, and secondly by using either angular 
platens, or a saw-cut fault zone to create a more realistic angular fault zone. This work 
will follow on from, for example, Morrow and Byerlee, (1989); and Marone and Scholz, 
(1989), who studied the physical deformation of fault gouge in angular fault zones; and 
Tenthorey et al., (1998) who studied the triaxial deformation and chemical evolution of 
feldspar rich fault gouge over a timescale of four days. Their work showed that natural 
fault gouge tends to undergo shear compaction, as natural fault zones rarely experience 
purely horizontal or vertical displacement, generally experiencing a combination of the 
two. The application of shear stress is likely to further increase reaction rates, as grains 
roll and fracture against each other during deformation (Engelder, 1974) to produce more 
reactive, fine-grained particles. Shear stress is also likely to increase stress at grain point 
contacts. 
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*Post experimental particle size distribution should be carried out in future work, as it 
would quantify any particle size distribution change that occurred as a result of the 
experiments, and would act as physical evidence for Ostwald ripening processes. Particle 
size distribution changes were not determined in this study due to a lack of capable optical 
analysis software, and due to time constraints that made point counting unfeasible. 
*The kinetic model used to determine reaction rates in this study employed two simple 
exponential equations to describe concurrent dissolution and precipitation processes. 
Although the models showed good general fits to the experimental data, some model 
curves showed inaccurate fits to either early or late parts of the experimental data plots. 
This led to the production of anomalous rate values, which are discussed in 6.2.1 to 6.2.4. 
The development of a new model, capable of accurately fitting to the mixed parabolic and 
linear dissolution-precipitation curves evidenced in this study is required. Work has begun 
on this as part of a new PhD study at the University of Edinburgh. 
6.6 Summary 
The novel experimental apparatus commissioned as part of this thesis enabled the 
simultaneous measurement of system pressure and temperature; sample compaction; and the 
evolution of permeability and pore fluid chemistry over time. A number of experimental 
suites were successfully undertaken towards an understanding of how a range of physical and 
environmental parameters, from atmospheric to shallow crustal, affected the physico-
chemical reactivity, and hence the sealing potential of gouge rich fault zones at shallow 
depth. 
The batch tests showed that reaction rates increased exponentially with increasing 
temperature and linearly with increasing sample surface area. Temperature had the greatest 
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influence of these two parameters, yielding the largest rate changes, particularly between 25 
and 50°C. 
The hydrostatic pressure tests also showed that reaction rates increased with increasing 
temperature and sample surface area. A comparison between the batch tests and the 
hydrostatic pressure tests illustrated that increasing applied pressure from atmospheric 
(O.1MPa) to hydrostatic (with 6.9MPa confining and pore-fluid pressures) led to a 
considerable increase both in reaction rate and equilibrium concentration (k a and A0). 
The non-hydrostatic pressure tests further demonstrated that increasing the experimental 
temperature, or gouge surface area, produced increased chemical reaction rates. The tests also 
showed that increasing the applied effective pressure caused an increase in reaction rates. An 
increase in reaction temperature, pressure and/or sample surface area also tended to produce 
increased axial sample compaction and sample permeability. These changes were primarily 
due to enhanced chemical dissolution at grain contacts causing compaction; and dissolution 
at exposed grain surfaces producing secondary porosity and increased permeability. The main 
exception to this trend was seen in N112 and NH4, where silica precipitated during the runs, 
causing a decrease in dissolved silica concentrations and sample permeability. These 
observations suggest that grain point loading (which is common in natural fault systems) 
creates up to an order of magnitude increase in quartz dissolution rates, relative to hydrostatic 
loading conditions. This may have a significant influence on the rates fault sealing processes. 
The rate values that have been quoted in this study were determined using a kinetic rate 
model (section 5.4.5). Although the model showed a good general fit to experimental data, it 
showed a number of fit errors due to its simplistic nature, using only two exponential 
parameters to describe the dissolution and precipitation processes experienced by the fault 
gouge. In particular, it did not account for the presence of ultra-fine gouge particles and 
highly reactive grain surface inhomogeneities. In order to determine more accurate rate 
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values, and in order to determine the influence of pressure, temperature and particle size 
distribution on gouge reactivity, a number of more advanced studies must be carried out in 
future work. 
A comparison between single crystal quartz reactivity studies (e.g. Wood and Walther, 
1983; Brady and Walther, 1989) with those from the present study, and suites of similar 
pressure tests (e.g. Aharonov et al. 1998; Tenthorey et al., 1998), indicate that the classical 
single crystal studies are of limited utility when applied to highly reactive environments such 
as freshly formed fault gouge. Such a comparison shows that experiments designed to mimic 
natural systems yielded quartz dissolution rates up to 3 orders of magnitude higher than those 
determined in single crystal studies. These rate variations are most likely to be due to the 
influence of applied pressures of up to 60MPa (which account for up to 2 orders of 
magnitude difference - discussed in section 6.2.4.6); and particle size distribution, including 
the influence of ultra-fine particles and grain surface inhomogeneities. The latter accounting 
for a further 0.5 orders of magnitude increase in rate, compared to the single crystal studies. 
Although a considerable amount of work is still required to determine a full understanding 
of the influence of physico-chemical processes on fault gouge reactivity, this study has 
provided a new, significant insight into the sealing potential of these fault zones. A number 
of important conclusions can be drawn from this study, which are summarised in the 
following, final chapter. 
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Table 6.1: Table of maximum dissolved silica concentrations, and modelled equilibrium 
concentration values, (ppm), for the batch tests. The modelled values were calculated using 
SUPCRT92 (Johnson et al, 199 1) 









2.03 6.02 1.38 6.02 
5.48 15.13 1.27 15.13 












0.73 6.02 0.70 6.02 
0.74 15.13 0.59 15.13 
1.50 41.10 1.40 - 	 41.10 
Table 6.2: Table of maximum dissolved silica concentrations, and modelled equilibrium 
concentration values, (ppm), for the hydrostatic pressure tests. The modelled values were 
calculated using SUPCRT92 (Johnson et al, 1991). Experimental conditions are 
summarised in Table 2.2. 
Run Sample Max. Measured 
Conc. 
SUPCRT92 value 
Hi Bulk 175.00 152.60 
H2 Clean bulk 112.30 152.60 
H3 Coarse 50.24 152.60 
114 Fine 112.30 152.60 
H5 Medium 287.00 152.60 
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Table 6.3: Table of maximum dissolved silica concentrations, and modelled equilibrium 
concentration values, (ipm),  for the non-hydrostatic tests. The modelled values were 
calculated using SUPCRT92 (Johnson et al, 1991). Experimental conditions are 
summarised in Table 2.2. 
Run Sample Max. Measured 
Conc.  
SUPCRT92 value 
NH1 Bulk 196.40 70.09 
N112 Bulk 178.00 122.61 
NH3 Bulk 206.00 128.38 
NH4 Fine 400.00 122.61 
N115 Coarse 106.40 122.61 
NH6 Medium 405.50 122.61 
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amain tests described in Chapters 3, 4 and 5. 
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Figure 6.2: Plots of silica dissolution rate versus (a) temperature; and (b) sample surface area 
for each of the experimental suites presented in this thesis. The plots show that reaction rates 
have a positive dependence on both temperature and surface area. 
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Plot of dissolution rate versus surface area for each batch test 
run at 25°C. 
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Figure 6.2.1: Plots of silica dissolution rate versus surface area for each of the batch tests. 
Plots a-c show data for tests run at the same temperature, using samples with different 
surface areas; while plot d shows a comparison plot between all of these datasets. 
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Plot of dissolution rate versus surface area for each batch test 
run at 90°C 
d Comparison plot of dissolution rates versus surface area for all batch test experiments. 
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a 	Plot of dissolution rates versus sample surface area for each 
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Figure 6.2.2.1a and b: Comparison plots of silica dissolution rates (a); and 
dissolution equilibrium constants (b), for each of the hydrostatic pressure tests. 
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Comparison plot of dissolution rates from the extrapolated 
Anlienius values of the batch tests, and the measure  
hydrostatic test values, for each size fraction at 120 "C. 
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Figure 6.2.2.2: Comparison plot of silica dissolution rates between extrapolated batch 
test data, and hydrostatic test data. Table 3.3 summarises all batch test rate data; Figure 
6.2.2.1 illustrates the hydrostatic test results, and Table 2.2 summarises all 
experimental parameters studied in this thesis. 
a 	Combination plot of dissolved silica and compaction change 
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Figure 6.2.3.1a to r: Comparison plots of dissolved silica versus permeability; permeability 
versus axial compaction; and dissolved silica versus axial compaction for each of the non-
hydrostatic pressure tests. a) to c) represent NH I; d) to f) plot the NH2 data; g) to i) show the 
NH3 results; j) to 1) summarise the NH4 trends; m) to o) represent NH5; and p) to r) plot the 
NI-16 data. 
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b Combination plot of dissolved silica and permeability change 
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Figure 6.2.3.1 (continued) 
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d Combination plot of dissolved silica and compaction change 
over time for NI-12. 
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f Combination plot of compaction and permeability changeover 
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h Combination plot of dissolved silica and permeability change 
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Comparison plot of dissolved silica and compaction overtime, 
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Figure 6.2.3.1 (continued) 
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Combination plot of dissolved silica and permeability over 
time, for NI-15. 
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P 	Combination plot of dissolved silica and compaction over time for NH6. 
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a 	Plot of silica dissolution rates versus sample surface area for 
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Figure 6.2.3.2a-d: Plots of dissolution and precipitation rates and equilibrium 
constants for each of the non-hydrostatic pressure tests, relative to sample surface 
areas. Table 2.2 summarises all experimental variables (note that all Pp s were 
6.9 M Pa). 
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d Plot of precipitation equilibrium constants versus sample surface area for each non-hydrostatic pressure test. 
Figure 6.2.3.2 (Continued) 
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Figure 6.2.3.3a: Comparison plot of the dissolution rates of silica for a range of studies, 
using a range of starting materials. BTx and NHx refer to data from the batch tests and non-
hydrostatic tests of this thesis respectively. The basic trends show that the highest rates 
are yielded by samples with relatively fine, mixed particle size distributions, and mixed 
sample compositions (approximately 97%qtz; 3%fsp; minor clays). Pressure and 
temperature also have a positive effect on rates. Bulk refers to freshly ground gouge 
samples; Fine refers to the 75-125_rn gouge fraction; and Coarse refers to the 300-425_rn 
gouge fraction. 
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Figure 6.2.33b: Arrhenius plot of the dissolution rates presented in Figure 6.2.3.3b. Here, 
best-fit curves are added to the Wood and Walther (1983) data, and between the 
experimental data points from this study. Slopes of these curves (E a/R) were used to 
calculate the activation energies (E a) of the reacting materials of each study. E a s were 
found to be 59 kimol' and 65 kimol' respectively. Refer to Figure 6.2.3.3a and Table 2.2 
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a 	Comparison plot of silica dissolution rates versus sample surf ace area for all experimental suites. 
b 	Comparison plot of dissolution equilibrium constants versus sample surface area for each hydrostatic and non-hydrostatic 
pressure test. 
Figure 6.3a and b: Comparison plots of silica dissolution rates (a); and dissolution 
equilibrium constants (b), for all of the experimental suites of this thesis. Note that the 
batch tests have not had equilibrium constants assigned (see section 6.2.1). Table 2.2, and 
Figures 6.2.1; 6.2.2.1 and 6.2.2.2 summarise all run conditions. 
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Chapter 7: Conclusions 
A novel experimental apparatus was successfully designed and built to allow the study of 
the influence of pressure, temperature and particle size distribution on the compaction; 
porosity and permeability evolution; and chemical reactivity of artificial fault gouge over 
time. A series of experimental suites were run on the apparatus, over a range of 
environmental conditions, varying from 0.1 MPa hydrostatic pressure at 25°C, to 34.5MPa 
confining pressure at 120°C, each using a distilled water pore fluid. 
The experiments described in this thesis showed that gouge rich fault zones are highly 
reactive on a geologically significant time scale. They also showed that the variation of 
physical and environmental parameters had a number of definite effects on gouge reactivity. 
These findings are summarised below; 
• Temperature had a positive effect on chemical reaction rates (k a, kb) and equilibrium 
constants, (AO, lo)  for dissolution and precipitation respectively. For example, the batch 
tests of Chapter 3 showed that rates increased exponentially with increasing temperature, 
from 25, to 50, to 90°C. A similar trend was seen between the non-hydrostatic tests ofNHl 
and NH2, moving from 90 to 120°C. 
• Increasing sample surface area led to a linear increase of chemical reaction rates in all of 
the experimental suites conducted towards this thesis. 
• Increasing applied pressure increased reaction rates, implying a component of pressure 
solution acted on the system. The addition of hydrostatic stress to samples, which increased 
pressure from the 0.1 MPa batch tests to 6.9MPa confining and pore fluid pressures, showed 
a considerable increase in reaction rate (1 to 2 orders of magnitude difference). The further 
application of non-hydrostatic stress to the samples also increased reaction rates compared 
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to the hydrostatic tests, but by a lesser amount than the initial application of hydrostatic 
stress. Rates tended to increase by less than an order of magnitude between the hydrostatic 
and non-hydrostatic values. 
• Under non-hydrostatic conditions, permeability was generally found to increase with 
increasing dissolved silica concentrations, and decrease with decreasing dissolved silica 
concentrations. The latter observation suggests that net precipitation occurred during some 
of the experimental runs (e.g. NH2). 
• A comparison of the experimental data with modelled equilibrium concentration values 
showed that most hydrostatic pressure tests remained in an under-saturated state. Most non-
hydrostatic tests were found to be oversaturated, making them prone to precipitation as a 
consequence of Ostwald ripening and pressure solution. This is supported by the indurated 
state exhibited by post-deformation samples (particularly those from NH 1-4). 
• The chemical reaction rates determined in this study, especially for the non-hydrostatic 
pressure tests run at 120°C, are very rapid on a geological timescale, with gouge showing 
the potential to both open or seal potential fluid pathways over a range of weeks to months. 
This has a great significance to the hydrocarbon industry with respect to the use of 
undersaturated injection fluids on production timescales, and to waste management and 
landfill sites regarding pollution migration. 
The results show that gouge rich fault zones have both a high sealing potential, and an 
equally high potential to open up fluid pathways along fault zones. It is, therefore, of great 
importance not only to determine whether fault zones are highly reactive, but whether they 
will seal, potentially inhibiting hydrocarbon recovery and aiding waste storage; remain 
sealed; or indeed open fluid pathways, which may aid or inhibit hydrocarbon recovery, and 
cause potential leakage of waste stores and hydrocarbon reservoirs alike. Experimental 
measurements of the concentration of relevant dissolved species, and determination of the 
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equilibrium constants, (and hence the level of under- or super- saturation), will remain 
important in exploring and exploiting the variability of microstructural processes in natural 
fault zones and their sensitivity to temperature, stress and pore-fluid pressure and chemistry. 
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Appendicies. 
Appendix 1: Particle Size Analysis and the Coulter LS Analyser. 
In order to show that the artificial gouge used in this study was a good analogue to a 
natural fault system, the particle size distribution of the experimental gouges had to be 
determined. This was achieved using a Coulter LS 100 particle analyser. Between 0.52g (for 
the finest size fractions) to 2.89g (for the coarsest size fractions) of gouge sample firstly 
placed into a beaker with 1 OOml of 4% sodium hexametaphosphate, a disaggregant. The 
beaker was then placed into an ultra-sonic bath, and sonicated for 5 minutes, to aid sample 
disaggregation. The sample was then added to the analyser in suspension, and pumped 
through a sample cell 3mm wide which was perpendicular to a laser beam at 751m. 
Diffracted light, dependent on the particle size, was focused onto a set of photo-electric 
detectors placed at particular angles to the optical axis of the lenses (Figure i). The composite 
diffraction pattern from all of the detectors was then analysed by the LS 100 software that 
computes the quantities of each particular grain size. Although this technique is suggested to 
be accurate to within 1%, it does yield some inaccuracies. These are primarily caused by the 
analyser assuming that the diffraction is based solely on the size of a spherical particle. In 
practice however, the shape of the particles varies and the refractive index of the sample 
material will influence the diffraction patterns. The presence of clays may also create noise as 
it causes scattering of light. Note that particles coarser than 500.tm in diameter could not be 
analysed as they may damage the analyser. 
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1111-1 
Figure i: Schematic illustration of the workings of the Coulter LS 100 particle size analyser. 
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Appendix 2: Surface Area Analysis. 
The specific surface areas of the artificial gouge samples used in this study were 
calculated using a single point BET gas adsorption process. This involved measuring the 
quantity of gas (nitrogen in this case) adsorbed onto the surface of the sample particles at 
various pressures, and using the theory of Brunauer, Emmet and Teller (BET). The BET 
theory is based on the Langmuir isotherm, but is applied to an infinite number of layers of 
adsorption. Several critical assumptions are embodied in this model; 
• that the number of adsorbed layers approaches infinity as p (the partial pressure of the 
adsorptive) approaches p °  (the equilibrium vapour pressure); 
• that all adsorption sites are identical, which is to say that adsorption occurs uniformly 
across the surface; 
• that, for all layers except the first, the heat of adsorption equals molar heat of condensation; 
• that, for all the layers except the first, the tendency for a molecule to adsorb and desorb is 
independent of how many layers underlie its adsorption site. 
The BET equation in linear form is written as; 
[(p1p°)1{n(1-p1p °)}] = (1/CBETnJ) +{([CBEr1]/CBETnJ)(p/p°)} 	(i) 
where n is the amount adsorbed (moles/g); n i is the monolayer capacity (moles/g); and CBET 
is a dimensionless parameter related to the difference between the heat of adsorption onto the 
first layer and the heat of condensation, which should equal the heat of adsorption onto all 
layers except the first. A linear regression of the left hand side of the BET equation plotted 
against p1p 0 yields a curve with a slope, m and an intercept, b from which ni and CBET  are 
computed according to; 
231 
M.A.Kay 	Physico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
ni = 11(rn+b) 	 (ii); 
and 
CBET = (rn/b) + 1 	 (iii). 
Specific surface area values may then be calculated from nj using; 
A = a,a,,1 L 
	
(iv); 
where am is the average area of an adsorbate molecule in a completed monolayer, and L is a 
conversion factor, which equals 6.02*  105 when a n is in nm (Davies and Kent, 1990). 
Parks (1990) and Hodson et al. (1997) suggest a second, simpler way, to calculate the 
specific surface area of a sample, by calculating it geometrically; 
AGEOM = k/e 
	
(v); 
where p is the density (specific gravity) of the bulk solid; 0 is the mean particle size and k is 
a geometric shape factor. (Typical values of Ic5 are listed in Parks, 1990, p113). Hodson 
(1996) suggested that the former method is more reliable, as it yields less of an error bar. His 
work involved the study of ratios between AGEOM  and ABET,  finding that values varied 
between 7.32 and 22.00, a huge error bound that suggests AGEOM  is prone to considerable 
variation. This may be attributed to the fact that it does not allow for the presence of surface 
inhomogeneities in the values of its shape factors. 
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Appendix 3: High Performance Liquid Chromatography (HPLC). 
HPLC (used to measure evolving pore fluid chemistries in this thesis) is a state-of-the-art 
method of chemical analysis, used to analyse the ionic concentrations of elements in fluids. 
Its applications are widespread and include such fields as medicine, brewing and the oil 
industry. It has been used by Ngwenya et al. (1993, 1995); Elphick et al. (1992); and Main et 
al. (1994); to study the ionic concentrations of fluids that have passed through cores of 
analogue reservoir sandstones. This technique has been chosen as these previous studies have 
shown it to be a reliable means of determining ion concentrations of elements dissolved from 
sandstones over time. 
The principle behind this technique is that each compound in a mixture to be analysed has 
its own elution time. This is the time it takes for the ions in a mixture to separate in an 
analytical column (as described by the bullet points below) and appear on a recorder, under a 
given set of conditions. The area of each signal is proportional to the amount of 
corresponding substance (Meyer, 1988). Therefore, by calculating the area under the signal 
curve, the concentration of the species may be determined. A schematic view of the HPLC 
apparatus is illustrated in Figure ii. 
The principals of operation (after Meyer, 1988 and Skoog, 1989) of the HPLC apparatus 
are outlined below. 
• The sample is made up and injected through an injection valve, where the fluid is 
transported into the column by an eluent (the mobile phase). 
• Figure iii illustrates how the separation of ions occurs in the column. Here, the sample 
contains a mixture of two components, A and O• 
Figure iiia represents the injection phase. After injection, the retentive properties of the 
column can be seen to take effect, as illustrated in Figure iiib. Here, the A component 
preferentially resides in the stationary phase (the column) and the ° component in the 
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mobile phase. The next stage, represented by Figure iiic, involves the creation of a new 
equilibrium as fresh eluent flows through the system. As a result, sample molecules in the 
mobile phase are partly absorbed by the "naked" stationary phase surface, in accordance 
with their distribution coefficients. The molecules that had previously been absorbed, 
however, reappeared in the mobile phase. After repeating the third stage a number of times, 
the two components were finally separated, with the ° phase migrating faster than the i 
phase (as in Figure iiid). 
•After separation occurred, the detector was able to pick up each discrete phase and produces 
a chromatogram similar to that in Figure iv. 
The detector works by responding to a mobile-phase bulk property that is modulated by the 
presence of solutes (eluents). A conductivity detector was used in this study. As the name 
suggests, it relies upon the fact that each ion has a different conductivity relative to the 
eluent, and to each other. This allows the detection of discrete phases. A set of calibrated 
curves are used as a standard for comparing each chromatogram peak to peaks representing 
each ion. Three standards of known chemical concentration were made up and analysed by 
the HPLC apparatus. During analysis, the software program - supplied with the apparatus - 
assigned conductivity values to each of the standards based upon their below peak curve 
areas. The software then used these values, together with their concentrations, to interpolate 
the concentration value of any unknown sample, such as those taken during a "batch" test. 
•Finally, the concentration of each phase was found by calculating the area under the 
corresponding chromatogram. This was done automatically by the HPLC software used in 
this project. 
A Waters (millipore) HPLC action analyser, with a 431 conductivity detector was used to 
provide chromatographic analysis in the current studies. In order to analyse concentration 
values using HPLC, the equipment had to be calibrated before each day's analysis. The 
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equipment was calibrated by analysing three standard (or known) concentration silicate 
solutions as described above. Each standard was progressively more concentrated than the 
last, with the lowest and highest concentrations bounding the expected values of the samples. 
This allowed the software package to interpolate sample concentrations from a calibration 
curve drawn up after analysing the standards. The best calibration curve would yield a 1:1 
slope. A slope of 0.995 was however deemed accurate enough to provide good analysis. 
After the standards had been analysed, the individual samples were manually injected 
(individually) into the system, where they were mixed with the mobile phase of 1.17mM 
lithium hydroxide eluent. The eluent was kept at a constant pH of 10.7 by sparging with 
helium gas. This also prolonged its lifespan. The sample was then carried by the eluent into 
the column, a Waters IC-Pac anion column, where any discrete phases were separated. After 
separation, the discrete phases reached the Waters conductivity detector at different times. 
Essentially, a high concentration of phase created a large change in conductivity, causing the 
detector to register a peak on a chromatogram. The B aseline TM action analyser software 
package was then used to calculate the concentrations of each phase in parts per million (also 
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Figure iii: Schematic diagram illustrating how chromatographic separation occurs in 
the HPLC column. 
Figure iv: An example of a chromatogram from a silicate analysis. The peaks at 
different times correspond to different chemical compounds. The concentration is the 
area under each peak. 
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Appendix 3.1: Calculation of Analytical Errors Associated with HPLC Analysis. 
Although the manufacturer states that random errors associated with the HPLC analytical 
technique are only ± 2% (also outlined by Ngwenya et al., 1993), the methodology is, 
however, open to a number of systematic errors. The main source of systematic error here 
arises from the measured weights and volumes used during the production of standards, and 
hence their propagation into the calibration curve. Systematic errors affect the results of the 
experiments in two main ways. First (and most commonly), they can influence the 
repeatability of analyses during one sample run, using one standard. The main source of this 
error is incurred during the dilution of stock standards to the standard concentrations used for 
daily analysis of pore fluid chemistry. Daily (even hourly) variations in room temperature 
within the laboratory also influence the degree of repeatability of an analysis. Errors in the 
weighing of powders used to make up the daily eluent may also contribute to repeatability 
errors, particularly where the same standards are being used. The second type of error 
experienced during these experiments were random errors, which affect the reproducibility of 
results. These mainly occur where different stock standards are used to make daily standards, 
or where different eluents are used - perhaps yielding a different conductivity value in the 
system. 
Errors could also occur during the processing of chromatograms by the HPLC software. 
The baselines to the curves produced by the software were arbitrarily fitted by hand during 
analysis. This produced a potential error in the area under the curve, influencing the 
concentration calculations performed by the baseline software. 
Although most of the errors reported above can not be entirely removed, they can be greatly 
reduced. For example, all volumetric and weighing errors were kept to a minimum by 
keeping all measurements as similar as possible (within 0.0 1mg or 0.lml for weights and 
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volumes respectively) and by thermostatically heating the laboratory, so that atmospheric 
temperatures were kept as constant as possible. 
Errors experienced during the experimental work reported here were determined by; 
•making up a number of batches of stock standards of the same, known, concentration; 
•analysing each of the standards and comparing the results. (This should give the main 
random error value); 
•analysing one of the stock standards at least six times. (This should give the main errors 
associated with the repeatability of analyses). 
The combined effect of all sources of error, e 1 , was estimated assuming each source of error 
was independent and equally likely to be positive or negative, where; 
e=4(ei 2+e22 .. 
where e, is the total error, and en  the independent errors (after Pentz and Schott, 1992). 
Table i summarises the results from these analyses, using silicate standards for each test. The 
main result was that the random errors were of the order of ±5.27%, and that the repeatability 
within a single analysis showed an error of ±3.01%. By combining errors, it can be 
concluded that the typical error on the analytical data presented here is ±6.07%. 
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Table i - Table of HPLC conductivity values used to calculate analytical errors for 
application to concentration data. (All values are taken from various 2.5 ppm standards) 
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Appendix 4: SUPCRT92 
SUPCRT is a Fortran 77 computer program developed to determine the standard molal 
thermodynamic properties of a wide range of minerals, gases and aqueous species, and 
reactions from 1 - 5,000 bar and 0 - 1,000 °C. The original SUPCRT software was developed 
by Walther, Kirkham and Helgeson in 1974 and 1975 (Johnson et al., 1992), in an attempt to 
practically, and simultaneously, apply a range of predictive tools published at that time, 
towards solving related geochemical problems. This inaugural program encoded equations 
and data published by authors including Keenen et al. (1969); Helgeson and Kirkham (1 974a 
and b); and Helgeson et al. (1981), to calculate requisite electrostatic properties of fluid 
water, aqueous species other than water, and standard molal thermodynamic properties of 
minerals and gases. 
The SUPCRT92 package, developed by Johnson, Oelkers and Helgeson (1991), 
supersedes all previously developed versions of the SUPCRT program, by incorporating new 
and revised thermodynamic data for a range of materials (fluid water, aqueous species other 
than water, minerals, gases), from authors including Johnson and Norton (1991), Shock et al. 
(1989) and Sverjensky et al. (1993). The updated software package consists of three 
interactive programs; MPRONS92, a program for modifying the thermodynamic database; 
CPRONS92, a program for converting the thermodynamic database into a direct access 
format; and SUPCRT92, a program for calculating the standard molal thermodynamic 
properties of minerals, gases, aqueous species, and reactions; and a thermodynamic database, 
SPRONS92.DAT. This database contains thermodynamic data for water (e.g. from Tanger 
and Helgeson, 1988; Shock et al. 1992); for other aqueous systems (e.g. from Helgeson and 
Kirkham, 1974a; and Johnson and Norton, 1991); and for a range of minerals and gases 
(from, e.g., Helgeson, 1985; Helgeson et al., 1978; Kelly, 1960; and Jackson and Helgeson, 
1985). The background and theory of the SUPCRT92 software package are described in 
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Johnson et al. (1992) and also summarised in the manual that accompanies the program 
(Johnson et al., 1991). The basic computation solves the generalised equation: 
	
- 	2 
— AG 	S 
l og Kp,,  = 	
2 
=r±I I ln (10) RT m j 
where K 7  is the equilibrium constant for dissolution; AGO is the standard Gibbs free energy 
of the reacting material; R is the gas constant (cal moF' K - 1 ); T is the temperature of reaction 
(K); y is the mean activity coefficient; s is the material solubility; and rnO is the standard 
molality. 






where A is a dimensionless constant, dependent on pressure and temperature; z is the charge 
number of the ion(s) being studied; I is the ionic strength; and B is another dimensionless 
constant dependent on pressure and temperature. 
In this thesis, SUPCRT92 was used to calculate theoretical equilibrium concentrations 
for the silica-water interactions (Chapters 3 to 5), and to extrapolate equilibrium constants to 
higher temperatures and pressures for use in rate model computations (Chapter 5). These 
values (summarised in Tables 6.1, 6.2 and 6.3) were also used to test whether the fluid had 
attained equilibrium solubility, by comparing experimental silica concentrations with the 
predicted equilibrium values. The original thermodynamic database was used without 
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modification for these computations, and the computations were performed assuming the 
powder mineralogy was 100% quartz. If the experimental data produced higher 
concentrations than the SUPCRT92 data, the test was deemed to have reached 
supersaturation. If the experimental concentrations remained lower than the modelled values, 
the experiment was said to have been undersaturated, and if concentrations equalled the 
SUPCRT92 values, the tests were said to have reached chemical equilibrium. 
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Glossary. 
Baseline: The portion of a chromatogram recorded only when the mobile phase is flowing 
through the detector. 
BET: A gas adsorption technique developed by Brunauer, Emmet and Teller, used to 
measure the surface area of particles. This technique is described in detail in Appendix 
1.2. 
"Clean" Bulk: The fraction of artificial fault gouge that remains after the "raw" bulk sample 
has been cleaned using the techniques outlined in Chapter 3. 
Coarse Size Fraction: The largest sieved and cleaned size fraction used in this work. The 
sieve fraction used was 425-300.tm. 
Degraded Chemical Standard: A standard degrades in contact with the atmosphere over 
time. This is because the standard gradually oxidises. In this degraded state, the 
concentration of ions in the standard decrease (relative to its fresh state, and thus the 
analytical calibration curve - Appendix 3), resulting in an overestimation of analysed 
sample concentrations. 
Diffusive Mass Transfer (DMT): See Pressure Solution. 
Eluent: A polar mobile phase used to transport the ions that are to be analysed through the 
column and into the detector. 
Elution Time: The time from injection to the apex of the peak of the ion being studied. 
Equilibrium Constant: This term is more easily defined if a general reaction constant is 
first defined. In a first order reaction for example, it is seen that; 
-(8C/5t) = kC 	 (i) 
244 
M.A.Kay 	P/zysico-Chemical Mechanisms of Fault Sealing:An Experimental Study. 
where C is the concentration of the reaction at time, t and k is the proportionality constant. 
k is also known as the rate constant. The reason for the latter title can be seen in the 
following manner. The left-hand side of equation (i) represents the reaction rate, hence k 
is equal to the reaction rate for a unit concentration, that is, when C on the right-hand side 
of equation (i) is unity. 
Essentially, when a reaction is in a state of equilibrium, in other words k is equal to the 
ratio of specific rates (or reaction rates) of foreword and reverse reactions, it is known as 
the equilibrium constant. For example, in the reaction; 
aA+bB-cC+dD, 	 (ii) 
k = ([cr[D1d),([A]a[B]) 	(iii) 
(after Atkins, 1995). 
Fault Gouge: A fine rock powder that runs along a fault zone. It is formed by the grinding of 
material in and around the fault zone. 
Fines (or ultra-fines): Very small particles (generally <5p.m) found sticking to the surface of 
larger grains in a fault gouge. 
Fine Size Fraction: The sieved and cleaned gouge fraction used in the experiments in this 
thesis. The sieve fraction used is 125-75im. 
Hydrostatic Stress/Pressure: The force that acts upon a rock due to the mass of 
superincumbent material. Here, all three axes of the rock undergo equal external loads in 
other words, Ia2cY3. Here, grain contacts are not stressed, and grains are unable to 
shear against each other. 
Juxtaposition: The displacement of one bed (assumed to be impermeable in the case of a 
fault sealing mechanism) along a fault zone so that it coincides with a second bed 
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(assumed to be permeable here) on the other side of the fault zone. The impermeable bed 
is then seen to act as a barrier to fluid flow across the fault, as illustrated in Figure 1.1 a. 
Medium Size Fraction: The intermediate size fraction of sieved and cleaned gouge used in 
this work. The sieve fraction used was 212-180j.tm. 
Non-Hydrostatic Stress/Pressure: Here, stress from the axial load is greater than the 
remaining stresses acting on the system, so that grain contacts become stressed, and grains 
are able to shear against each other. This may take the form cy 1>a2=a3 (e.g. non-
hydrostatic tests presented in chapter 5); or a 1 > 2>cy3  (True triaxial). 
Ostwald Ripening: The process where fine particles preferentially dissolve because they 
have a high surface energy and surface area, placing the system into supersaturation, for 
example of silica. They then re-precipitate as larger grains with a more stable surface 
energy and larger surface area. This increase in particle size may lead to fault sealing, as 
larger grains reduce the amount of pore space present in the system, particularly if they are 
"interlocking". 
Pore Fluid Pressure: The pressure generated by pore fluids as they are compressed during 
compaction. These forces tend to act against the normal or axial stresses that compact the 
sample. 
Pressure Solution: A stress induced mechanism that involves the dissolution of material at 
sites of high stress (such as grain-grain contacts); the transport of the dissolved material 
(via diffusive flow) to sites of lower stress and the precipitation of the material at these 
sites of lower stress. 
PTFE: PolyTetraFluoroEthelyne (Teflon), a hardened plastic compound often used in the 
construction of inert vessels. 
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Raw Bulk Sample: Artificial fault gouge created by the grinding of Clashach sandstone 
before it is sieved or cleaned in any way. All ultra-fine particles and size fractions (up to 
400tm) are present in this material. 
Seal(s): A relatively impermeable fault that causes the restriction of fluid flow and elevated 
pore pressure across or along a fault zone. 
Specific Surface Area: The amount of reactive surface area available for absorbing solutes 
per unit weight of material being analysed. 
Supersaturation: The state a solution reaches when the amount of dissolved material 
exceeds the equilibrium concentration (where dissolution and precipitation processes are 
equal) at a given pressure and temperature, but before precipitation occurs. 
Tefzel (ETFE): EthylTertraFluoroEthelyene. this is an transparent plastic polymer used to 
fashion items such as tubing capable of withstanding moderate temperatures and pressures 
(approximately 90°C and 34MPa). 
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